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ABSTRACT 

Viral infections can have detrimental effects worldwide, leading to declining 

economies, loss of school days, workdays, numerous physician visits, hospitalizations, 

and death. Concerning respiratory viral infections, viruses belonging to the families 

Orthomyxoviridae (influenza virus) and Coronaviridae (severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2)) have been prominent causes of morbidity and 

mortality worldwide, resulting in previous and current epidemics and pandemics. 

Multiple biological and environmental factors such as sex, age, nutrition, disease status, 

and the host residential microbiome can affect the pathogenesis and transmission of 

respiratory viruses. 

The studies presented here aimed to investigate environmental and host factors 

influencing respiratory virus pathogenesis and transmission in vitro and in vivo using two 

primary pathogens, influenza A virus (FLUAV) and SARS-CoV-2. I used molecular 

virology techniques and bioinformatic tools to analyze virus infection and transmission 

using in vitro systems. I also assessed pathogenesis and changes within the respiratory 



and intestinal tract in two animal models post-respiratory virus infection. I designed a 

model system to study FLUAV transmission in vitro. The results showed successful 

aerosol inoculation of three subtypes of FLUAV (H1N1, H3N2, and H9N2) in a common 

cell line, Madin-Darby canine kidney (MDCK) cells. Further, I was able to infect 

differentiated human airway epithelial cells with the H1N1 and H3N2 FLUAV utilized 

within these studies. Assessing aerosol inoculation in an in vitro system can be valuable 

in testing molecular markers associated with increased respiratory transmission. My 

advances a technique that can be utilized to assess molecular markers involved in 

FLUAV transmission prior to in vivo testing. 

In addition to understanding aerosol transmission, I analyzed the effect of various 

biological and environmental factors on the pathogenesis of FLUAV and SARS-CoV-2 

in vivo. First, I tested the effect of antibiotic growth promoter administration on FLUAV 

infection in broiler chickens, including the impact of virus shedding and dysbiosis of the 

respiratory and intestinal microbiome. In addition to analyzing environmental factors, I 

examined the effect of FLUAV exposure prior to SARS-CoV-2 infection on viral titers, 

disease pathology, and the respiratory and intestinal microbiome in aged Golden Syrian 

hamsters. Both studies showed changes within the respiratory and intestinal microbial 

community, notably the enrichment of opportunistic pathogens and microbes associated 

with inflammation. The relationship between the residential microbiome and other 

confounding factors such as respiratory virus infection, age, and antibiotic growth 

promoter administration contributes to a better understanding of the complexities 

associated with the host responses during viral infections.  
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CHAPTER 1 

INTRODUCTION 

Viral infections can have detrimental effects worldwide, leading to declining 

economies, loss of school days, workdays, numerous physician visits, hospitalizations, 

and death. Viral pathogens can infect an array of tissues, including the upper respiratory 

tract and lungs (influenza virus and coronavirus), intestine (rotavirus and norovirus), 

spinal cord (poliovirus), and more (1). In recent years, two prominent respiratory viruses 

belonging to the families Orthomyxoviridae (influenza virus) and Coronaviridae (severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2)) have caused considerable 

morbidity and mortality worldwide, resulting in previous and current epidemics and 

pandemics. 

There are four types of influenza viruses: A, B, C, and D. Influenza A (FLUAV) and 

B (FLUBV) viruses are responsible for yearly epidemics in humans, requiring annual 

changes to the vaccine to protect against current circulating strains. FLUAV infects a 

broad host range of avian and mammalian species, while FLUBV is primarily confined 

and adapted to humans (2, 3). FLUAVs and FLUBVs contain two major surface 

glycoproteins, hemagglutinin (HA) and neuraminidase (NA), which are the main 

antigenic determinants that elicit neutralizing antibodies (4-6). FLUAVs are classified 

into subtypes based on a combination of the surface proteins; currently, 18 HA and 11 

NA subtypes have been described (4-8). Most FLUAV epidemics in humans are caused 

by subtypes H1N1 and H3N2, as well as FLUBVs (9). However, most FLUAV subtypes 
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are described in wild aquatic birds, principally Anseriformes and Charadriiformes, 

considered natural hosts (10, 11). Avian-origin FLUAVs are grouped as low 

pathogenicity avian influenza viruses (LPAIVs) and high pathogenicity avian influenza 

viruses (HPAIVs) based on the pathogenesis in chickens and/or the presence of a 

polybasic amino acid cleavage site in the HA containing Arginine or Lysine (10, 12). The 

polybasic cleavage site in HPAIV enables the HA to be processed by endogenous cellular 

furin-like proteases promoting systemic infection; meanwhile, LPAIV typically contains 

a monobasic cleavage site limiting the HA processing to extracellular trypsin-like 

proteases, thus restraining the infection to specific sites (10, 12). Viruses with the H5 and 

H7 subtypes have been associated with HPAIV, while H9N2 is the most prevalent 

LPAIV subtype (10, 13). H9N2 LPAIV infections can be mild in poultry but can lead to 

significant economic loss because of lower egg production and delayed growth (10). 

Aside from having an impact on the poultry industry, H9N2 LPAIV is considered 

zoonotic and has been reported in humans, swine, dogs, horses, and minks; in addition, 

H9N2 LPAIV has previously contributed to internal gene segments of other FLUAV 

subtypes such as H5N1, H5N6, H7N9, H10N8, and H10N3 resulting in human infections 

(10, 14-21). Spillover events between wild birds and domestic poultry have also been 

reported for H5, H7, and H9N2 FLUAV subtypes (10, 13, 22-24). Therefore, 

understanding host factors that can affect the spread and infectivity of H9N2 LPAIV in 

poultry is essential for limiting economic loss and zoonotic potential. 

Influenza viruses continuously evolve within animal and human hosts, partially due to 

low-fidelity RNA polymerase proofreading, leading to antigenic drift in both FLUAVs. 

Cumulative changes, particularly in the surface proteins, can enhance immune evasion 
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and viral fitness (ex. transmission or replication) (9, 25). Current literature indicates that 

transmission of FLUAVs occurs through direct and indirect contact, respiratory droplets 

(particle size > 5 µm), and aerosol or droplet nuclei particles (particle size < 5 µm) (26, 

27). Larger respiratory droplets settle on surfaces such as floors, walls, beds, etc., after 

droplet release because of gravity (28). Conversely, respiratory droplets evaporate to 

form droplet nuclei in which the virus can be independently suspended or attached to the 

particles (28). Initially, the virus aerosols diffuse and remain suspended indoors because 

they are too small to settle because of gravity (28). Over time, virus aerosols will 

gradually deposit on environmental surfaces; however, the aerosols can be resuspended 

by human movement and continue to spread until the virus particles become inactive 

(28). Aerosols can also travel considerable distances from the infectious source (up to 3.7 

m away) and can result from respiratory droplet desiccation called droplet nuclei (28, 29). 

Previous studies reported infectious virions and vRNA in respiratory droplets and aerosol 

particles; however, aerosol particles are primarily expelled and contain more viral copies 

than respiratory droplets (30-33). While direct inoculation is the most common route of 

infection within a laboratory environment, multiple studies reported that the inoculation 

route (direct inoculation versus aerosol inoculation) can significantly influence resulting 

morbidity and mortality following infection, particularly in HPAIV (34-37). Further, 

various viral, host, and environmental factors can influence successful FLUAV 

transmission (28, 38).  

The emergence of SARS-CoV-2 in humans has led to the current COVID-19 

pandemic resulting in millions of deaths and declining economies worldwide. SARS-

CoV-2 is an enveloped positive-sense single-stranded RNA virus belonging to the genus 



 

4 

 

Betacoronavirus within the family Coronaviridae (39). Previous studies reported 

susceptibility to SARS-CoV-2 infection in an array of mammalian species, including 

dogs, cats, ferrets, minks, hamsters, rhesus macaques, cynomolgus macaques, African 

green monkeys, common marmosets, rabbits, and fruit bats (40). Proposed methods of 

SARS-CoV-2 transmission include respiratory droplet transmission, aerosol transmission, 

surface contamination, and the fecal-oral route; however, respiratory droplet transmission 

is the most notable route reported throughout the pandemic, along with direct contact 

spread (41). While some patients can present as asymptomatic, common symptoms 

associated with SARS-CoV-2 infection include fever, cough, dyspnea, and occasional 

gastrointestinal symptoms, which can progress to acute respiratory distress, pneumonia, 

renal failure, and death, particularly in older adults (41-44). Previous studies reported 

high pathogenesis in aged individuals during infections is predominantly associated with 

the immune response after viral infection (reviewed in (42)). Notably, aging can lead to 

pro-inflammatory cytokine production, reduced and delayed type I interferon responses, 

and impaired antigen presentation and T cell priming (reviewed in (42)). 

Recently, multiple reports suggested that the respiratory and intestinal microbiome 

can directly impact host cells or indirectly impact the immune system during viral 

infections (45, 46). The human microbiome consists of more than a trillion 

microorganisms interacting in a complex ecosystem throughout the human body, 

including the intestine, skin, mucosal surfaces, lungs, and many more (47, 48). The 

bacterial, viral, and fungal residential microbes play an essential role in various host 

functions, including metabolism, development, and regulation of the immune response 

and physical defenses against invading pathogens (47). In addition, the intestinal 
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microbiota interacts with the respiratory tract forming the gut-lung axis; however, 

multiple factors can induce changes within the residential population affecting intestinal 

and respiratory immune responses (49, 50). Biological and environmental factors such as 

sex, age, nutrition, and disease status can affect the diversity and abundance of bacteria 

associated with good health leading to dysbiosis (48, 51, 52). Further, multiple studies 

showed that the host residential microbiome plays an essential role in respiratory viral 

infections by promoting viral infections, such as poliovirus, reovirus, and certain 

retroviruses or having a protective role, such as FLUAV and rotavirus (53-55). 

 

Research objectives and aims 

The main purpose of this project was to investigate environmental and host factors 

that influence respiratory virus pathogenesis and transmission in vitro and in vivo using 

two primary pathogens, FLUAV and SARS-CoV-2. We will use molecular virology 

techniques to analyze virus infection and transmission using an in vitro system and 

bioinformatic tools to examine microbiome changes within the respiratory and intestinal 

tract using two animal models. The main research objectives are specified below.  

Specific aim 1: To establish and characterize an in vitro model system to study influenza 

A virus aerosol transmission. 

i. Establish an in vitro model system to infect cell culture with aerosolized 

FLUAV. 

ii. Compare aerosol and direct inoculation methods of three FLUAV 

subtypes, including H1N1, H3N2, and H9N2 in Madin-Darby Canine 

Kidney (MDCK) cells. 
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iii. Compare aerosol and direct inoculation methods of three FLUAV 

subtypes, including H1N1, H3N2, and H9N2 in a more relevant cell line 

including differentiated human airway epithelial cells.  

Specific aim 2: To analyze the effect of antibiotic growth promoter (AGP) administration 

on virus shedding and the intestinal microbiota post avian influenza virus (AIV) infection 

in broiler chickens. 

i. Evaluate the effect of in-feed AGP-induced changes on growth 

performance after AIV infection. 

ii. Evaluate the indirect effect of in-feed AGP administration on 

susceptibility to AIV shedding.  

iii. Analyze microbiome changes within the oropharynx and cloaca post-AIV 

infection with and without AGP use.  

Specific aim 3: To analyze the pathobiology and dysbiosis of the respiratory and 

intestinal microbiota in aged 14-month-old Golden Syrian hamsters infected with SARS-

CoV-2.  

i. Assess viral loads and disease pathology at 3- and 6-days post-challenge.   

ii. Analyze microbiome changes within the lungs and intestinal tract post-

SARS-CoV-2 infection.  
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CHAPTER 2 

LITERATURE REVIEW 

Influenza virus 

Classification 

FLUAV Alphainfluenzavirus (type A influenza virus) belongs to the family 

Orthomyxoviridae (Order: Articulavirales, Class: Insthoviricetes, Subphylum: 

Polyploviricotina, Phylum: Negarnaviricota) along with seven other genera, 

including, Betainfluenzavirus (type B influenza virus, FLUBV), 

Gammainfluenzavirus (type C influenza virus, FLUCV), Deltainfluenzavirus (type D 

influenza virus), Isavirus, Quaranjavirus, Sardinovirus, and Thogotovirus (56). Two 

new genera, Sardinovirus and Mykissvirus, were ratified in March 2022 by the 

International Committee on Taxonomy of Viruses (56). FLUAV, FLUBV, and 

FLUCV can infect an array of vertebrates, including horses, swine, birds, dogs, seals, 

and humans (57). FLUAVs and FLUBVs contain two major surface glycoproteins, 

HA and NA, which are the main antigenic determinants that elicit neutralizing 

antibodies (4-6). FLUAVs are classified into subtypes based on a combination of the 

surface proteins; currently, 18 HA and 11 NA subtypes have been described (4-8). 

Influenza viruses are further classified using standard nomenclature, including virus 

type, species from which it was isolated, location of isolation, isolate number, isolate 

year, and then HA and NA subtype (for FLUAV viruses) (58). Most FLUAV 

subtypes have been described in wild aquatic birds, principally Anseriformes and 
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Charadriiformes, considered natural hosts (10, 11). Sixteen HA and nine NA 

subtypes have been isolated from birds (H1 to H16 and N1 to N9), while RNA from 

two additional HA and NA subtypes have been isolated in bats (H17 and H18, and 

N10 and N11) (59). However, spillover events between wild birds and domestic 

poultry have been reported for H5, H7, and H9N2 IAV subtypes (10, 22-24). 

Meanwhile, most influenza epidemics in humans are caused by subtypes H1N1 and 

H3N2, as well as FLUBVs (9). 

 

Virion structure 

The shape of FLUAV virus particles can be pleomorphic, forming both spherical 

(about 100 nm in diameter) or filamentous (can reach up to 30 µm in size) virions of 

various lengths (60, 61). Filamentous particles are generally observed in low-passage-

number isolates, while laboratory-adapted strains are almost exclusively spherical 

particles (60, 61). Previous research suggests that the filamentous shape confers a 

selective advantage in vivo, while spherical shapes have a fitness advantage in 

embryonated eggs (61). On the outer surface, the FLUAV particle contains HA and 

NA glycoproteins projecting from a host cell-derived lipid membrane, referred to as 

the envelope, in a ratio of approximately four to one (62). In a lower abundance, an 

additional surface protein called the matrix 2 (M2) protein is present at a ratio of one 

M2 channel to 101 to 102 HA molecules (62). The envelope is supported by the matrix 

1 (M1) protein, which contains the nuclear export protein (NEP/NS2) and eight viral 

ribonucleoprotein (vRNP) complexes, typically aligned in a 1 + 7 configuration (62, 

63). Each vRNP consists of a viral RNA (vRNA) segment wrapped around multiple 
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copies of the viral nucleoprotein (NP) in a rod-like structure (62, 64). The ends of the 

vRNA segments form a helical hairpin bound by a single copy of the viral RNA-

dependent RNA polymerase (RdRp) (62, 64). The heterotrimeric RdRp consists of 

three subunits: polymerase basic 1 (PB1), polymerase basic 2 (PB2), and polymerase 

acidic (PA) (62-64).  

The FLUAV genome contains eight single-stranded, negative-sense vRNAs 

encoding for at least 12 viral proteins (6, 62, 64, 65). Each segment contains a 

partially complementary conserved 5’ and 3’ termini, segment-specific untranslated 

regions (UTRs), and at least one open reading frame (ORF) (63). The eight segments 

of FLUAV are numbered by decreasing length (62). Segment 1 is 2,341 nucleotides 

in length and encodes for the PB2 protein, which forms part of the RdRp and plays a 

role in gathering 5’ capped RNA fragments from host cellular mRNA molecules used 

for viral transcription (63). Recently, a new viral protein, PB2-S1, encoded by a 

spliced mRNA, has also been identified to inhibit the host RIG-I-dependent interferon 

signaling pathway (66). Segment 2 is also 2,341 nucleotides in length and encodes for 

the PB1 protein, which is involved in RNA elongation and endonuclease activity (62). 

An additional accessory protein may be encoded called PB1-F2, resulting from an 

alternate open reading frame (+1) and plays a role in the pathogenesis and virus 

clearance in mice (67). Segment 3 is 2,233 nucleotides in length and encodes for PA 

(62). The viral protein PA-X is generated through ribosomal frameshifting and plays 

a role in virus replication and inhibition of the host antiviral response (62, 68). 

Segment 4 is ~1,780 nucleotides in length (depending on subtype) and encodes for 

the surface glycoprotein HA, which plays a key role in receptor recognition, virus 
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attachment, membrane fusion, and virus entry (62, 69). Segment 5 is 1,565 

nucleotides in length and encodes for the NP, which is involved in nuclear import 

(62). Segment 6 is ~1,413 nucleotides in length (depending on subtype) and encodes 

for the second surface glycoprotein NA (62). Segment 7 is 1,027 nucleotides in length 

and encodes for the M1 matrix protein and, through RNA splicing, the M2 ion 

channel (62). Segment 8 is 890 nucleotides in length and encodes for NS1, an 

essential protein involved in combatting host innate immunity, and NEP/NS2 through 

RNA splicing (62, 70).  

 

Replication cycle 

Virus attachment: FLUAV infection initiates with virus recognition and attachment to 

N-acetylneuraminic acid (also referred to as sialic acids (SA)) on the surface of host 

cells, which are commonly located at the termini of numerous glycoconjugates (62, 

64). The carbon-2 of the terminal SA can bind to the carbon-3 or carbon-6 of 

galactose forming two different linkages: ⍺-2,3 or ⍺-2,6-linkage (62). The globular 

head on the HA1 portion of the homotrimeric class I fusion glycoprotein HA contains 

the receptor-binding site (RBS), which recognizes the receptor on a target cell (71). It 

is well known that amino acid changes in the RBS and type of SA linkage can 

significantly influence host restriction and tissue tropism of FLUAVs (69, 72-74). SA 

with ⍺-2,6-linkage predominates in the upper respiratory tract of humans, while ⍺-

2,3-linkage are commonly expressed on respiratory and intestinal epithelial cells of 

birds (72-74). Generally, HAs from avian FLUAVs possess a higher binding 
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specificity to ⍺-2,3-linked SA, while HAs from human FLUAVs prefer ⍺-2,6-linked 

SA (73, 74). 

Virus entry: HA-mediated binding to the host receptor initiates endocytosis in a 

clathrin-dependent manner or by macropinocytosis (64, 75). The FLUAV is then 

trafficked to the endosome (62, 64). The low pH activates the M2 ion channel and 

triggers a conformational change in the HA, allowing for the fusion of the viral 

envelope and the endosomal membrane (62, 64). The activation of the M2 ion 

channel leads to an increase of hydrogen ions within the virus particle, which then 

disrupts the protein-protein interactions leading to the release of vRNPs from M1 into 

the host cytoplasm (62). The vRNPs are then trafficked into the nucleus using viral 

proteins’ nuclear localization signals and host cell machinery (62, 64, 76). Numerous 

studies showed that it takes approximately 10 min for virus entry and fusion but about 

1 hour for FLUAV vRNPs to enter the nucleus from the cell surface (64, 77).  

Transcription and replication of the viral genome: Synthesis of capped, 

polyadenylated messenger RNA (mRNA) and the vRNA segments used for progeny 

virus occurs within the nucleus (62). The viral RdRp uses the negative sense vRNA 

as a template to synthesize two types of positive sense RNAs: (1) mRNA copies used 

as a template for viral protein synthesis and (2) complementary RNA (cRNA) 

intermediates used as a template to transcribe additional negative-sense vRNA for 

progeny virus (62). Capping of the mRNA copies occurs through a process called 

“cap snatching”; the viral RdRp employs the PB2 subunit to bind to 5’ capped 

primers (~12 nucleotides) from host pre-mRNA transcripts while the PA subunit 

endonuclease domain cleaves 10-13 nucleotides downstream (64). Meanwhile, 
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polyadenylation of the viral mRNAs occurs through reiterative stuttering when the 

viral RdRp reads five to seven uracil residues encoded in the 5’ end of the negative-

sense vRNA (62, 64). Once capped and polyadenylated, the viral mRNA is exported 

out of the nucleus and translated by host machinery within the cytoplasm (62, 64). 

Translation of the viral mRNAs for PB1, PB2, PA, NP, NS1, NS2, and M1 occurs by 

cytosolic ribosomes, while membrane proteins such as HA, NA, and M2 are 

translated by endoplasmic reticulum (ER)-associated ribosomes (64). Multiple 

proteins, including PB2, PB1, PA, and NP, are imported back into the nucleus to 

assist in additional viral mRNA transcription and vRNA replication; M1, NS1 (to 

inhibit host interferon signaling), and NS2 are also imported back into the nucleus, 

but the role for M1 and NS2 are unclear (64). Regarding replication of the FLUAV 

genome, the viral RdRp initiates the synthesis of the positive sense cRNA after 

complimentary base pairing in the 3’ end of the vRNA requiring no priming (64). As 

the cRNA exits the polymerase, NP molecules and a single copy of the viral 

polymerase will bind to the cRNA resulting in cRNP assembly (64). The cRNPs are 

then used as a template for synthesizing new negative-sense vRNAs, which bind to 

NPs, and a viral polymerase to produce new vRNPs for budding viruses (64). 

Assembly and release. Localization of the vRNPs within the cytoplasm to the plasma 

membrane for viral assembly has been previously demonstrated to involve 

microtubules (78). It has been hypothesized that efficient vRNP transport consists of 

the movement of RNPs by the Rab11-dependent vesicular transport pathway because 

of interactions between PB2 and Rab11 (78). Additional studies suggest efficient 

virion packaging follows a mechanistic model in which specific recognition of vRNA 
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segments is linked to efficient virion formation, contradicting the random-

incorporation model (79). After assembly, FLUAV budding occurs at the plasma 

membrane and consequently binds to SA on the cell surface via HA activity (62). 

However, the NA protein cleaves terminal SA residues from glycoproteins and 

gangliosides on the cell surface to release virus progeny and limit aggregation of 

virus particles leading to an overall increase in virus replication and infectivity (62). 

 

Respiratory Transmission 

Transmission of respiratory viruses among humans occurs via two main 

mechanisms: contact between an infected and a susceptible individual or airborne 

transmission (29, 38). Contact transmission can be direct via physical contact or 

indirect contact with contaminated surfaces or objects (fomites) (26, 29, 38). 

Meanwhile, airborne transmission refers to when an infected individual expels 

infectious viral particles into the air, which then settle on the mucosa of a susceptible 

person (29). There are two main mechanisms of airborne transmission: respiratory 

droplets or small aerosol/droplet nuclei particles (26, 29). However, there is a lack of 

standardization in the terminology used to differentiate between respiratory droplets 

and aerosols, but it is generally based upon particle size (38). Particle size depends on 

the site of aerosol formation; the smaller the size, the deeper the respiratory tract the 

aerosols originate (80). Generally, respiratory droplet transmission, or droplet spray, 

is defined as having an aerodynamic diameter greater than 5 µm that is propelled at 

less than a meter distance to reach the mucosa directly (28, 29). Respiratory droplets 

are aerodynamically different from small aerosols and often emitted during coughing, 



 

14 

 

sneezing, and talking (28, 29). Contrastingly, aerosols are defined as having an 

aerodynamic diameter smaller than 5 µm and can remain suspended in the air for 

longer periods due to the slow settling velocity (28, 29). Respiratory aerosols from 

healthy and infected individuals are generally expelled during breathing, talking, 

singing, shouting, coughing, sneezing, and feces (ex. toilet flushing) (29, 31, 38, 80-

82). Aerosols can travel considerable distances from the infectious source (up to 3.7 

m away), accumulate in poorly ventilated spaces, and be inhaled at short and long 

distances (28, 29, 80). While larger respiratory droplets settle on surfaces such as 

floors, walls, beds, etc., after droplet release because of gravity, aerosols diffuse and 

remain suspended indoors because they are too small to settle (28). Over time, virus 

aerosols will gradually deposit on environmental surfaces; however, the aerosols can 

be resuspended by human movement and continue to spread until the virus particles 

become inactive increasing infection risk (28). While the difference between 

respiratory droplets and aerosols has been historically based on a size distinction of 5 

µm, it has recently been suggested that the size cutoff should be updated to 100 µm 

(80). At this size, the droplets and aerosols possess different aerodynamic behavior as 

100 µm is the largest size in which a particle can remain suspended in the air for more 

than 5 seconds from a height of 1.5 meters, travel more than 1 meter from an 

infectious person, and be inhaled (80). When analyzing FLUAV spread, previous 

studies suggest that aerosol transmission is responsible for half of all FLUAV 

transmission events within a household setting, suggesting that aerosol transmission 

is an essential route for FLUAV spread (26).  
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While respiratory droplets and aerosols differ in aerodynamic properties, there are 

also multiple differences when analyzing viral loads and infectivity. Aerosols 

produced by numerous activities such as breathing and coughing have different 

aerosol size distributions and airflow velocities, which can impact the viral load, 

suspension time, distance traveled, and deposition location in the contact person (80, 

83). For instance, viral load within aerosols expelled through speaking and other 

activities is much higher than respiratory droplets produced through coughing and 

sneezing (80). Aerosol size is a critical factor affecting survival and infectivity due to 

aerodynamic characteristic differences and variation of deposition site, which 

determines the site of infection (80). Aerosols up to 100 µm can be inhaled; particles 

with a diameter of 10-100µm are primarily deposited in the oropharynx, while 

particles 5-10 µm are deposited in the central airway (80, 84, 85). In comparison, 

aerosol particles < 5 µm can reach the lower respiratory tract, such as alveoli within 

the lungs (84, 85).  

Other factors can affect deposition, including anatomical and physiological 

barriers, anatomical structure, breathing patterns, and respiratory mucus (80, 86). 

Within the respiratory tract, heavily glycosylated and sialylated mucins can form a 

barrier against glycan-receptor-binding viruses such as FLUAV (86). A balanced 

receptor-binding protein HA and receptor-cleaving protein NA are essential in virus 

motility in host mucus (87, 88). FLUAV binds dynamically to receptor-coated 

surfaces via HA, but NA activity drives directional rolling-type motility over the 

receptor surface (86, 88-90). Regarding deposition sites, the human respiratory tract 

can be broadly divided into three anatomical regions according to previous research: 
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1) Extrathoracic region (ET), 2) Tracheo-bronchial region (TB), and 3) Pulmonary 

region (P) (91). The ET is the respiratory tract entry site exposed to an array of 

aerosols and includes the naso-oro-pharyngo-laryngeal region (91). The TB consists 

of the trachea and the branching airways. The P region is the location of gas exchange 

consisting of alveolar ducts and sacs (91). The general population breathes through 

the nares at rest but switches to oral/nares breathing during heavy exercise (91). 

Therefore, aerosol particles can be inhaled through the nasal or oral passages (91). 

The inhalation ability decreases as the particle size increases (91). Experimental data 

showed that nearly 100% of particles smaller than 5 µm while only 50% of particles 

greater than 50µm could enter an individual through the nares and mouth (91). After 

airborne particles enter the respiratory tract through the nose or mouth, they can be 

deposited in different locations due to airflow and respiratory impediments such as 

bifurcations (91). Respiratory droplets may deposit in the upper respiratory system 

because of impaction, particularly in the oropharyngeal region, while deposition in 

the lower respiratory system is because of sedimentation (91). Meanwhile, aerosol 

particles may be deposited in the upper and lower respiratory tract areas by diffusion 

(91). Further, numerous studies have reported higher FLUAV vRNA loads in smaller 

aerosols of less than 5 µm compared to larger respiratory droplets (32, 33, 81, 92-94). 

While infectious FLUAV has been isolated from aerosols in symptomatic individuals, 

sampling and detecting viruses can be difficult because of the low concentration and 

destruction by aerosol samplers (28, 38, 80, 92, 95-97). Additional physicochemical 

properties, including pH, electrostatic charge, and other chemical components such as 
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electrolytes, proteins, and surfactants, can also influence the durability and outcome 

of the infectious aerosol (80). 

Virus, host, and environmental factors can influence successful transmission 

because the air environment does not contain ideal conditions for FLUAV survival 

(28, 38). Previous literature has described aerosol virus decay in two stages: the first 

stage suggests about half of the virus is inactivated in the first few seconds after 

aerosol formation, and the second stage suggests that slower virus inactivation is 

affected by viral characteristics, host responses, and environmental factors such as 

temperature, relative humidity, and ultraviolet rays (28). The transmission efficiency 

is affected by virus stability under environmental stress, which is partially influenced 

by the structure and composition of the virus (38). FLUAV vRNAs have high 

mutation rates that contribute to viral infections with diverse genomic variants termed 

quasispecies, leading to faster adaptation for efficient aerosol transmission (98). 

However, not all FLUAV strains can efficiently infect mammalian hosts via aerosol. 

For example, a previous study suggested that an optimal ratio of HA to NA is needed 

for efficient respiratory droplet transmission and that loss of glycosylation at specific 

HA amino acid positions increases the transmissibility of avian FLUAV in 

mammalian species (99, 100). In addition, amino acid substitutions E627K and 

D701N in the PB2 enhanced polymerase activity and replication at 33C (temperature 

in the human upper respiratory tract); these residues are commonly found in isolates 

that support aerosol transmission (101-103). The matrix gene has also been 

previously determined to be an essential factor in pH1N1 transmission in guinea pigs 

(104). In addition to virus particle characteristics, host determinants such as tissue and 
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cellular tropism can also influence efficient transmission. Tissue-specific expression 

of receptors and glycosylation along the respiratory tract can affect the deposition and 

preferential route of infection (38). Studies analyzing pandemic FLUAV 

demonstrated that α 2,6- linked sialic acids (SA) preference was also a determinant of 

host adaptation and airborne transmission (105-107). 2,6-SA are prevalent on the 

surface of ciliated and goblet cells in the upper respiratory tract, while 2,3-SA are 

more abundant on the surface of non-ciliated bronchoepithileum cells and type II 

pneumocytes in the lower respiratory tract (107). Since HA from human influenza 

viruses preferentially bind to 2,6-SA while avian influenza virus HA preferentially 

binds to 2,3-SA, receptor distribution and compatibility is a critical determinant for 

transmissibility (108). In addition to host determinants, environmental factors such as 

temperature, relative humidity, UV radiation, materials of environmental objects, and 

airflow can also affect the efficacy of viral aerosol transmission. Temperature plays a 

crucial role in the survival and transmission of viruses in aerosols by potentially 

affecting protein, lipid, and vRNA stability (80). Previous reports showed that high 

temperatures can be detrimental to aerosol transmission and that the decay of 

aerosolized FLUAV increases with relative humidity (109-112). However, a study 

using a physiologically more relevant medium, such as material from the apical 

surface of differentiated human airway epithelial cells, remained highly stable in 

aerosols across multiple relative humidities ranging from 20% to 100% (113). UV 

radiation has been demonstrated to inactivate numerous airborne viruses, including 

FLUAV, by damaging genetic material; therefore, FLUAV would likely not be able 

to survive within the sunlight over long distances (114, 115). Indoor ventilation and 
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directional airflow can also influence the transport of aerosols and contribute to 

greater dispersion distances; however, the airflow is constrained indoors by walls and 

ceilings (80). The indoor airflow depends on multiple factors, including the type of 

ventilation system, airflow patterns, change rate, and other air filtration systems (80). 

Additional research is needed to establish ventilation rates based on ventilation type 

to help mitigate the risk of FLUAV transmission. 

 

Host factors 

Human FLUAV infections present a wide range of clinical disease severity ranging 

from asymptomatic infection to death (9). Symptoms begin to increase as early as 1-

day post inoculation and peak by day 2 or 3 post-infection (9). Symptoms are 

generally not observed by 8-9 days after infection (9). The most common symptoms 

include tracheobronchitis and pharyngitis within the upper respiratory tract, along 

with fever, malaise, and myalgia (9). On the other hand, severe symptoms include 

hospitalization with pneumonia, acute respiratory distress syndrome (ARDS), and 

death (9). Children, the elderly, pregnant women, and individuals with 

immunosuppression or chronic medical conditions are at higher risk of developing 

more severe diseases (116). Previous reports using murine models suggest that sex 

hormones may contribute to the disease severity of FLUAV in female mice compared 

with male mice (117, 118). In most mouse models, young adult female mice 

demonstrate more severe outcomes and increased pulmonary inflammatory response 

compared with male mice (117, 118). In addition to sex, previous mouse studies have 

shown that genetically obese mouse strains and diet-induced obese mice present with 
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increased morbidity and mortality, including increased viral spread, decreased 

pulmonary function, severe pathology, and defective viral clearance during FLUAV 

infection; these results are consistent with clinical observations in humans as obese 

individuals account for most FLUAV-related hospitalizations (119, 120). On the other 

hand, malnourishment, particularly vitamin A, C, and D deficiency, and inadequate 

amounts of protein led to decreased mucosal antibody response in respiratory tissues 

and increased disease severity, respectively (119, 121, 122). Pregnancy has also been 

shown to be a risk factor in animal models as pregnant mice infected with FLUAV 

during mid-gestation present with higher viral loads, increased lung pathology, severe 

pneumonitis, lung edema, cytokine storm and reduced regeneration of epithelial cells 

within the lung (123-125). In addition, age groups such as the very young and the 

elderly, are at the highest risk for severe disease (119). The higher risk in children has 

been hypothesized to be caused by having no pre-existing immunity and a lack of sex 

hormones (126). Alternately, the positive correlation between morbidity and age is 

likely because of immunosenescence and increased incidence of other comorbidities 

(127). In addition to enhanced disease severity, comorbidities, sex, age, and 

pregnancy have also been associated with increased single nucleotide polymorphisms 

(SNPs) in the FLUAV genome because of a less stringent selective environment 

promoting variants with increased pathogenicity (119, 124). Influenza pathogenesis 

severity involves the complex relationship between host and viral factors, notably the 

immune response. 

 

 



 

21 

 

Role of the microbiome in FLUAV infections 

The respiratory and intestinal microbiota can directly impact host cells or 

indirectly impact the immune system during viral infections (45, 46). The human 

microbiome consists of more than a trillion microorganisms interacting in a complex 

ecosystem throughout the human body, including the intestine, skin, mucosal 

surfaces, lungs, and many more (47, 48). The bacterial, viral, and fungal residential 

microbes play an essential role in various host functions, including metabolism, 

development, regulation of the immune response, and physical defenses against 

invading pathogens (47). Generally, the microbiome can present antiviral activity 

through four main mechanisms: 1) Enhanced mucosal barriers, 2) production of 

antimicrobial compounds, 3) inhibit virus attachment, and 4) modulation of the 

immune response (1). Multiple biological and environmental factors such as sex, age, 

nutrition, and disease status can affect the diversity and abundance of bacteria 

associated with good health leading to dysbiosis (48, 51, 52).  

 

Respiratory microbiome alterations during FLUAV infections  

The respiratory microbiome has been previously understudied compared to the 

intestine, mainly because of the previous dogma of lung sterility. Historical 

understanding considered healthy lungs to be sterile or free from bacteria; however, 

reports from 2010 showed evidence of bacteria within the lungs using culture-

independent techniques (128-130). While earlier studies debated if the detected 

bacterial DNA was real or contaminated, there is a current consensus that the lungs 

are not sterile and harbor microorganisms that exist in healthy individuals and those 
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suffering from respiratory disease (128, 130, 131). Compared to the lower intestine, 

which averages 1011 to 1012 bacteria per gram of tissue, the lung averages 103 to 105 

bacteria per gram of tissue (132, 133). The epithelial surfaces of the trachea and 

bronchi are lined with mucus, while the alveoli of the lungs are lined with a surfactant 

that has been previously demonstrated to inhibit the growth of gram-negative bacteria 

(134). Due to the mucosal immunity within the respiratory tract, a constant balance of 

tolerance for commensal microbes and immune response toward pathogens is needed 

(135). In healthy individuals, bacteria migrate into the lungs by mucosal dispersion 

and micro-aspiration from the upper respiratory tract, further supported by recent 

culture-independent studies (136-138). Multiple reports suggest minimal spatial 

microbial diversity in the lungs compared to the upper respiratory tract by showing 

that the lung microbiome primarily resembles the oropharynx in adults and the 

nasopharynx and oropharynx in children (137, 138). The data support the hypothesis 

that the healthy lung microbiota is composed of transient microorganisms derived 

from the upper respiratory tract instead of containing a residential community like 

what is observed in chronic respiratory diseases (139). Further, a recently proposed 

ecological model, “the adapted island model,” suggests that the lung microbiome in 

healthy individuals is more influenced by immigration and elimination than by local 

ecological conditions on bacterial reproduction, which are more influential in lung 

disease (140). The origin and function of the lung microbiome are unclear; however, 

multiple studies have used gnotobiotic animal models to investigate direct 

correlations and various contributions of the lung microbiome in protecting from 

invading pathogens, shaping and modulating the immune system, and nutrient uptake 
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(133, 141, 142). In healthy adults, common microbes within the nasal cavity include 

Actinobacteria, such as Corynebacterium spp., Propionibacterium spp., Firmicutes, 

such as Staphylococcus spp., and Proteobacteria (135). The oropharynx consists of 

Firmicutes, Proteobacteria, and Bacteroidetes, such as Streptococcus, Neisseria, 

Haemophilus, and Lachnospira spp. while Streptococcus, Staphylococcus, 

Corynebacterium, and Prevotella are within the nasopharynx (135). Meanwhile, the 

lung microbiome is characterized by a diverse bacterial community present in low 

abundance, with the most prominent phyla as Bacteroidetes and Firmicutes and 

predominant genera including Prevotella, Veillonella, and Streptococcus within 

humans (130, 131, 143). When in a healthy state, the microbial richness is reduced in 

the lower respiratory tract compared to the upper respiratory tract; however, 

individuals with respiratory infections or diseases such as chronic obstructive 

pulmonary disease (COPD) have increased bacteria within the lungs and differences 

within the relative abundance of notable species (135). The relationship between 

respiratory viral infections and changes within the residential microbial communities 

is currently being investigated further.  

FLUAV infection in humans – Numerous recent studies observed differences in the 

respiratory microbiota among healthy and chronic pulmonary disease patients 

suggesting that residential pulmonary microbes may play a role in the pathogenesis of 

viral respiratory infections (144). Within children infected with FLUAV, the diversity 

of the nasopharyngeal microbiota increased along with a reduction of commensal 

microbes such as Moraxella, Staphylococcus, Corynebacterium, and Dolosigranulum, 

while Streptococcus was increased (145, 146). Further, Prophyromonas spp., 
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Fusobacterium spp., Lachnospiracea spp., Veillonella spp., Prevotella spp., 

Granulicatella spp, Streptobacillus spp., and Haemophilus spp. were associated with 

severe FLUAV infection in children (147). In a different study, FLUAV and FLUBV 

infections were also associated with significantly different nasopharynx microbial 

compositions in adults compared to healthy controls, including enrichment of 

Dolosigranulum, Staphylococcus, and Moraxella spp. (148). Further, the 

administration of a live-attenuated influenza virus (LAIV) vaccine led to significant 

changes within the nasal microbial structure, diversity, and taxonomy with an 

increase in Staphylococcus and Bacteroides genera (149). However, another study 

showed that experimental H3N2 challenge of healthy adult volunteers led to no 

significant differences over time; this was potentially explained because of the 

observed mild disease within the healthy individuals (150). Utilizing data from a 

household transmission study, the naso/oropharyngeal microbiota composition was 

associated with decreased susceptibility to FLUAV infection, particularly with 

relative abundances of Alloprevotella, Prevotella, and Bacteroides (151). Moreover, 

higher bacterial diversity within the nose/throat was associated with longer shedding 

duration and earlier time of infection, specifically the relative abundance of Neisseria 

(152). While human clinical samples are very informative, the human microbiome is 

highly variable and impacted by diverse environmental conditions. This complicates 

analysis and contributes to inter-individual variation of human population studies 

(153). Therefore, analyzing the respiratory microbiome of an animal model in a 

controlled environment is beneficial in understanding the relationship between 

FLUAV and the host microbiome.  
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FLUAV infection in animal models – Multiple animal models have been used to 

investigate the role of the respiratory microbiome and FLUAV infection, including 

mice, ferrets, chickens, and pigs. In mice, respiratory microbiome changes during 

FLUAV infection displayed reduced abundances of Alphaproteobacteria and 

increased abundances of Gammaproteobacteria, Actinobacteria, and facultative 

anaerobes such as Streptococcus and Staphylococcus (154). Due to the similar 

physiology between the upper respiratory tract of humans and ferrets, ferrets are an 

ideal model for studying FLUAV infection (155). A previous study analyzed the 

similarities between a human cohort and ferrets experimentally infected with FLUAV 

(155). The study showed a robust microbial consistency among the two hosts 

suggesting that ferrets are a representative model for studying microbiome changes 

during FLUAV infection (155). In addition to ferrets, a positive correlation between 

FLUAV H3N2 viral load and enrichment of Neisseriaceae was observed within the 

nasal microbiota of pigs; however, the bacterial richness remained stable after 

infection (156). While the upper respiratory tract has been more extensively studied, 

especially in humans, the microbiome changes within the lower respiratory tract, 

particularly the lungs, have been investigated in mice. Significant changes within the 

lung and BALF were observed in the acute (7 days post-infection (dpi)), convalescent 

(14 dpi), and recovery (28 dpi) stages post-FLUAV H1N1 inoculation. This included 

shifts from Alphaproteobacteria to Gammaproteobacteria and Actinobacteria and an 

increase of anaerobes and facultative anaerobes, including Streptococcus and 

Staphylococcus in infected mice (154). It has also been shown that Staphylococcus 

epidermidis, a common gram-positive commensal bacterium, can suppress FLUAV 



 

26 

 

infectivity partially by using a giant extracellular matrix-binding protein in vitro and 

in vivo in chickens through stimulating interferon-related innate immune responses 

(157). Further, S. epidermidis has been shown to prevent FLUAV replication in the 

nasal mucosa and lungs by decreasing the expression of serine proteases by inducing 

Serpine1 in mice (158). Priming with Staphylococcus aureus has also been shown to 

attenuate FLUAV-mediated immune pathogenesis within the lungs by recruiting 

peripheral CCR2+CD11b+ monocytes that polarize M2 alveolar macrophages (159). 

In addition to the direct effects of commensal bacteria, activation of type III 

interferon in response to FLUAV infection has been shown to have a major impact on 

the upper respiratory microbiome and thus increasing susceptibility to secondary 

bacterial infections within the lower respiratory tract in mice (160). 

 

Intestinal microbiota influences host responses to FLUAV infections 

While the potential for respiratory diseases to impact the residential microbiome 

is clear, many studies have also observed impacts on the intestinal microbiome during 

respiratory infections. The intestine is the most colonized bacterial organ, with a 

bacterium-to-host cell ratio of 1:1 (48, 161). While both the intestinal tissues and the 

lungs are luminal organs with a mucosa lining, microbes in the intestine must survive 

acidic pH in the stomach and alkaline pH in the duodenum (162). The intestine 

remains at a consistent internal body temperature of 37C in a primarily anaerobic 

state (163, 164). Previous studies described that a healthy adult intestinal microbiota 

consists mainly of Roseburia, Enterococcus, and Faecalibacterium belonging to the 

phyla Firmicutes, and Bacteroides and Prevotella belonging to the phyla 



 

27 

 

Bacteroidetes (165, 166). The gut microbiota has been shown to affect the immune 

system within the lungs through the gut-lung axis. Previous studies have 

demonstrated the essential role of commensal gut microbes in antiviral responses 

within the lungs, such as type I interferon receptors in respiratory epithelial cells (47). 

Type I interferon receptors respond to viral infections via IFN-⍺ and IFN-β 

production resulting in restricted viral replication (167). Proposed mechanisms on 

how the intestinal microbiota impact respiratory mucosal immunity include: 1) 

mucosal tissue from the gastrointestinal tract can influence distant mucosal sites such 

as the lungs, 2) cytokines and other by-products such as growth factors secreted 

within the intestinal tract in response to commensal microbes can enter circulation 

and act on the respiratory mucosal tissues, 3) microbial-associated molecular patterns 

(MAMPs) can be absorbed in other intestinal tissues and activate pattern recognition 

receptors thus influencing innate immune response, 4) microbiota metabolites such as 

short-chain fatty acids, can be absorbed in the intestinal mucosa and can then 

modulate innate immune responses (47). Viral pathogens that infect or replicate in 

mucosal tissues most likely encounter commensal microbiota inhabiting the mucosal 

surfaces. Therefore, the intestinal microbiota can either promote viral infections, such 

as poliovirus, reovirus, and certain retroviruses, or have a protective role, such as with 

FLUAV and rotavirus (53, 54). 

FLUAV infection in humans – Fecal microbial changes within human patients after 

FLUAV infection showed a significant decrease in diversity compared to healthy 

controls that were disease-specific shifts compared to Coronavirus disease 19 

(COVID-19) infection (168). Taxonomic changes within this cohort included a 
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reduction in bacteria belonging to anaerobic butyrate-producing bacteria from 

families Lachnospiraceae and Ruminococcaceae, specifically Blautia, Agathobacter, 

Anaerostipes, Fusicatenibacter, Eubacterium hallii group, unclassified 

Lachnospiraceae, Dorea, Faecalibacterium and Ruminococcus-2 (168). On the other 

hand, the fecal microbiome of FLUAV patients was dominated by Enterococcus, 

Prevotella, Finegoldia, and Peptoniphilus, while six biomarkers, including 

Fusicatenibacter, Romboutsia, Anaerostipes, E. hallii group, Ruminococccus torques 

group, and Blautia were identified as selective differentials for FLUAV H1N1 

patients (168). Further, differential abundance testing in a different cohort suggested 

that fecal microbiota changes differed among FLUAV and FLUBV and that relative 

abundances of Bacteroides fragilis were significantly higher in individuals that shed 

virus compared to non-shedders (169). 

FLUAV infection in Animal Models- Like the respiratory tract, an array of animal 

models has been used to investigate the role of the intestinal microbiome during 

FLUAV infection, including mice, chickens, and pigs. Within the murine model, 

FLUAV H1N1, H3N2, and H5N1 FLUAV infections have been associated with 

dysbiosis in the gut microbiota (52, 170-173). A previous study also showed that 

pulmonary-induced IFN-Is led to the enrichment of Proteobacteria and depletion of 

obligate anaerobic bacteria, inhibiting antimicrobial and inflammatory responses and 

further enhancing secondary Salmonella intestinal colonization and systemic spread 

(170). Additionally, intestinal commensal microbes, specifically neomycin-sensitive 

bacteria, regulate the generation of virus-specific CD4 and CD8 T cells and antibody 

responses within the lung post-FLUAV infection in mice (174). FLUAV infection 
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also induces bacterial depletion, disruption of mucus integrity, and promotes higher 

levels of antimicrobial peptides produced in Paneth cells within the small intestine of 

mice (172). FLUAV-mediated intestinal depletion led to increased susceptibility to 

secondary bacterial invasions such as Salmonella enterica serovar Typhimurium 

(172). Mechanistically, a recent study showed that sublethal infection of H1N1 and 

H3N2 FLUAV was associated with cecal and intestinal dysbiosis with reduced 

production of short-chain fatty acids (SCFA) (173). The alterations to the microbiota 

compromised the pulmonary immune response against a secondary Streptococcus 

pneumoniae infection, which was directly demonstrated by a fecal microbial 

transplant (173). The effect on the immune response was due to the decreased 

production of acetate, which further altered the bactericidal activity of alveolar 

macrophages (173). SCFA supplementation during FLUAV infection further reduced 

the translocation of Salmonella and reduced the mortality of mice infected with both 

pathogens (173, 175). It was further demonstrated that TLR5 sensing of flagellated 

microbes in the intestine increased antibody responses post-influenza virus 

vaccination, and oral administration of gut microbe Akkermansia muciniphila reduced 

weight loss and mortality during HPAIV in mice (176, 177). It was also reported in 

antibiotic-treated mice that the intestinal microbiota regulates local and systemic IFN-

I response via IFN-β secretion of colonic immune cells (178). In addition to mice, 

previous studies examined the importance of the microbiome in response to LPAIV 

infection in chickens. Chickens infected with LPAIV showed an intestinal 

microbiome population shift, including increased Escherichia coli and decreased 

probiotic organisms like Lactobacillus or Enterococcus (179, 180). Further, similar 
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studies reported that the absence of commensal gut microbes in chickens increased 

virus shedding and compromised immune responses such as down-regulation of type 

I interferon responses toward LPAIV infection, suggesting the importance of the 

intestinal microbiome in battling influenza infection (181). Further, chickens treated 

with probiotics or received a fecal microbial transplant after antibiotic depletion of 

the intestinal microbiome had significantly higher virus-specific IgM and IgG titers 

compared to antibiotic-depleted chickens, suggesting that the composition of the gut 

microbiota in chickens may result in antibody immune response changes to FLUAV 

(182). Similar results were observed in pigs as FLUAV infection led to altered 

microbial richness and diversity with increased abundances of Prevotellaceae while 

Clostridiaceae and Lachnospiraceae were decreased (51). Conclusively, multiple 

studies suggest the role of the commensal intestinal microbiome during FLUAV 

infection by altering the host immune response within humans and multiple animal 

models. 

 

SARS-CoV-2 

Classification 

Severe acute respiratory syndrome 2 virus (SARS-CoV-2) is an enveloped 

positive-sense single-stranded RNA virus belonging to the subfamily Coronavirinae 

within the family Coronaviridae in the order Nidovirales (183). Coronavirinae is 

further divided into four genera: Alphacoronavirus, Betacoronavirus, 

Gammacoronavirus, and Deltacoronavirus (183). Alphacoronaviruses and 

betacoronaviruses infect mammals, while the gammacoronaviruses and 
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deltacoronaviruses infect primarily birds but can also infect mammals (183). Seven 

coronaviruses have been associated with human coronaviruses (HCoV) (9). Four 

coronaviruses, including HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1, 

cause seasonal and predominantly mild respiratory symptoms, often associated with 

symptoms of the "common cold" and thus go under-reported (39). However, severe 

acute respiratory syndrome (SARS-CoV), Middle East respiratory syndrome 

coronavirus (MERS-CoV), and SARS-CoV-2 are highly pathogenic that can develop 

into severe respiratory disease (39). Bioinformatic analyses showed that SARS-CoV-2 

belongs to betacoronavirus 2B lineage and shares 79.5% sequence identity with 

SARS-CoV; however, the closest relationship of SARS-CoV-2 at 96% identity was to 

a bat SARS-like coronavirus strain BatCov RaTG13 (184). 

 

Virion structure 

 Coronaviruses have the largest genome among RNA viruses, flanked by 5’ and 3’ 

untranslated regions containing cis-acting RNA structures utilized for RNA synthesis 

(9, 39). The genome of SARS-CoV-2 consists of ~30 kb encoding 14 open reading 

frames (ORF); two-thirds correspond to 16 nonstructural proteins (nsp1-16), while 

one-third contain nine accessory proteins and four structural proteins (41). Fifteen 

nonstructural proteins generate the viral replication and transcription complex, 

including the RNA-processing and RNA-modifying enzymes and RNA proofreading 

function (39). Meanwhile, the function of the accessory proteins is largely unknown 

(39). The four structural proteins include spike, envelope, membrane, and 

nucleocapsid (41). The RNA genome is encapsulated by the nucleocapsid and then 
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surrounded by the membrane and envelope (39). Similar to HA in FLUAV, 

homotrimeric class I fusion protein spike extends from the host-derived viral 

envelope for cellular entry (41). Spike encodes a receptor-binding domain that 

interacts with the host angiotensin-converting enzyme 2 (ACE2) receptor for cellular 

entry (41). Spike is divided into two distinct parts: S1 contains the receptor binding 

domain that binds to the host cell receptor, while the transmembrane S2 domain 

contains heptad repeat regions and mediates the fusion of viral and cellular 

membranes (39). An S1/S2 polybasic cleavage site is then proteolytically cleaved for 

entry at the plasma membrane surface by transmembrane protease serine 2 

(TMPRSS2) or in the endosome by cathepsin L (41). 

 

Replication cycle 

 Replication of SARS-CoV-2 initiates through the binding of spike to the host 

receptor ACE2 (41). The S1/S2 site is cleaved by surface TMPRSS2 and/or 

endolysosomal cathepsin L, enabling membrane fusion of the virus and cell at the 

surface or endosomal compartment (41). The RNA genome is then released into the 

cytosol and uncoated for immediate translation of the ORF1a and ORF1b, resulting in 

the polyproteins pp1a and pp1b (39, 41). These proteins are co-translationally and 

post-translationally processed into sixteen nonstructural proteins (nsp1-11 from pp1a 

and nsp1-10, nsp12-16 from pp1b) post-proteolytic cleavage by proteases located 

within nsp3 and nsp5 (39, 41). Proteolytic cleavage of nsp1 leads to the utilization of 

host translational machinery, while nsp2-16 makes up the viral replication and 

transcription complex (39). Virus replication occurs in virus-induced perinuclear 
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double-membrane vesicles (DMVs) created from the endoplasmic reticulum (ER), 

convoluted membranes (CMs), and small open double-membrane spherules (DMSs) 

(39, 41). These provide a protective micro-environment for viral genomic RNA 

replication and transcription of subgenomic mRNAs (sg mRNA) (39, 41). The 

positive-stranded genome serves as a template for full-length negative-strand RNA 

and sgRNAs (39, 41). The translation of the sg mRNAs results in structural and 

accessory proteins, which are then translocated into the ER membrane and inserted 

into the ER-Golgi intermediate compartment (ERGIC) (39, 41). Within the ERGIC, 

the proteins interact with the nucleocapsid and newly produced genomic RNA for 

virion assembly and budding into the lumen of secretory vesicular compartments (39, 

41). The virions are then secreted from the plasma membrane by exocytosis (39, 41). 

 

Pathogenesis and host factors 

 SARS-CoV-2 infection causes coronavirus disease 2019 (COVID-19), which can 

present a wide range of disease severity from asymptomatic to death (9). Symptoms 

are generally observed 4.8 days after exposure, and 95% of symptomatic patients will 

present with symptoms by 14 days after exposure (9). The most common symptoms 

include cough, fever, myalgia, shortness of breath, and headache (9, 185). Less 

frequent symptoms include sore throat, diarrhea, nausea, chest pain, chills, and loss of 

smell and taste (9, 185). Severe symptoms can include dyspnea, ARDS, acute cardiac 

injury, and multi-organ failure (185). Pathogenesis of severe disease includes diffuse 

alveolar damage, deposition of proteinaceous alveolar fluid compromising gas 

exchange with increased type II pneumocytes, and interstitial oedema within the 
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lungs (9). Inflammation and neutrophil infiltration within the lower respiratory tract 

are also commonly observed in severe infections (9). Immunohistochemistry staining 

of SARS-CoV-2 is observed within alveolar pneumocytes, ciliated epithelial cells 

within the lungs, and epithelial cells within the kidney (9). SARS-CoV-2 particles 

have also been observed in enterocytes within the intestine by electron microscopy, 

and viral RNA has been detected within the lung, kidney, large intestine, blood, 

spleen, heart, and pulmonary tissues (9). Several risk factors for severe disease have 

been observed in genome-wide association and epidemiological studies. Metabolic 

disorders such as diabetes, obesity, and kidney disease have been associated with 

increased disease severity along with cardiovascular conditions, including 

hypertension, congenital heart disease, and coronary artery disease (9). Sex has also 

been shown to be a risk factor for severe disease. A recent study showed within the 

US that males were more likely to test positive for COVID-19, have more 

complications, require ICU admission and mechanical ventilation, and have higher 

mortality than females (186). While all ages are susceptible to infection, elderly 

individuals (above 60 years of age) are more likely to develop severe respiratory 

disease, including ARDS leading to prolonged hospitalization (9, 185).  

 

Microbiome changes during SARS-CoV-2 infections  

 While multiple studies examined residential microbiome changes in response to 

FLUAV, recent literature has focused on the effect of SARS-CoV-2 on the 

microbiome in nasopharyngeal and fecal samples, mainly because numerous studies 

have observed vRNA in the feces of infected individuals and occasional 
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gastrointestinal upset during infection (187, 188). Further, patients with 

gastrointestinal symptoms are likely to be more susceptible to symptoms including 

fever, fatigue, shortness of breath, and headache (168). Numerous studies have shown 

that the host respiratory and intestinal microbiome is disturbed during SARS-CoV-2 

infection. It has also been suggested that the intestinal microbiome may be closely 

related to ACE2 expression (189). A previous study showed that colonic ACE2 

expression was significantly decreased in the presence of established intestinal 

microbiota in a humanized mouse model and rats compared to animals with depleted 

intestinal microbes (190, 191). While specific interactions between specific bacterial 

species and SARS-CoV-2 pathogenesis is lacking, there is indirect evidence that the 

respiratory and intestinal microbiota may have a role in the overall severity of 

COVID-19. 

 

Respiratory microbiota and SARS-CoV-2 infections 

SARS-CoV-2 infection in humans – Within the upper respiratory tract, a study 

analyzing mild COVID-19 patients showed no significant difference in richness and 

diversity compared to uninfected controls (192). However, another cohort showed 

that older patients displayed decreased microbial diversity, suggesting an age-

dependent dysbiosis in the pharyngeal microbiome (193). Meanwhile, Acinetobacter, 

Brevundimonas, Burkholderia, Chryseobacterium, Sphingobium species, and 

Enterobacteriaceae were the most prevalent within the lung of 20 fatal COVID-19 

patients (194). A study analyzing bronchioalveolar lavage fluid (BALF) from patients 

with COVID-19, community-acquired pneumonia, and healthy individuals showed 
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that the microbial composition of patients with COVID-19 was comparable to those 

with pneumonia (195). Multiple co-bacterial-infections in COVID-19 patients have 

also been observed, including Streptococcus pneumoniae, Staphylococcus aureus, 

Klebsiella pneumoniae, Haemophilus influenzae, Mycoplasma pneumoniae, 

Acinetobacter baumanni, Legionella pneumophila and Chlamydia pneumoniae (196). 

Viral co-infections include influenza, coronavirus, rhinovirus/enterovirus, 

parainfluenza, metapneumovirus, and human immunodeficiency virus (196). 

Secondary bacterial infections have been understood to be caused by the outgrowth of 

opportunistic bacterial pathogens already residing within the host (196); therefore, 

understanding the possible mechanisms of bacterial co-infections and COVID-19 

may contribute to potential preventative measures for SARS-CoV-2 patients during 

the pandemic.  

SARS-CoV-2 infection in animal models – While numerous studies analyzed the 

relationship between SARS-CoV-2 and the respiratory microbiome in humans, 

limited research has been conducted in animal models. A previous study from our 

group examined the diversity and taxonomic classification of the lungs in K18-

hACE2 mice, a transgenic mouse model expressing human ACE2 under the control 

of the epithelial cell cytokeratin-18 promoter, challenged with SARS-CoV-2 (197). 

Limited alpha and beta diversity differences were observed when comparing control 

mice to mice challenged with a low or high dose of SARS-CoV-2, which resembles 

observations of FLUAV infection in mice (197). However, within-group variance 

increased in an infectious-dose-dependent manner, consistent with the Anna-Karenina 

model of disease-induced dysbiosis (197). Firmicutes and Proteobacteria were 
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enriched in the high-and low-virus-dose SARS-CoV-2 mice compared to that in the 

mock controls, consistent with previous reports of patients infected with influenza 

virus (197). An additional study showed that alveolar microbes could increase 

translation and reduce amino acid metabolism of a compound RS5645, which was 

shown to attenuate the pulmonary hyper-inflammatory response induced by SARS-

CoV-2 spike protein (198). Further, supplementation of cultured oral bacteria from a 

healthy volunteer administered with an intranasal SARS-CoV-2 spike protein vaccine 

significantly increased the production of vaccine-specific nasal IgA and serum IgG 

response and resulted in reduced viral titers within the lungs of SARS-CoV-2 

challenged hamsters (199); these results were also demonstrated when testing a 

quadrivalent HA vaccine in mice (199). 

 

Intestinal microbiota and effects on SARS-CoV-2 infection 

SARS-CoV-2 infection in humans – Overall, fecal microbiome studies reported a 

decrease in the intestinal microbiota diversity and abundance in SARS-CoV-2 

patients compared to controls (168, 200, 201). Further, prolonged gastrointestinal 

symptoms such as diarrhea were inversely correlated with decreased intestinal 

richness and diversity and associated with delayed SARS-CoV-2 clearance and 

immune dysregulation (47, 168). Multiple bacterial genera associated with 

opportunistic pathogens such as Streptococcus, Rothia, Veillonella, 

Erysipelatoclostridium, Actinomyces, Collinsella, and Morganella had increased 

relative abundance in fecal samples collected from SARS-CoV-2 patients compared 

to controls within a cohort in China (168, 200). Patients also showed a decrease in the 
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relative abundance of Faecalibacterium prausnitzii and Bifidobacterium bifidum, 

which produce butyrate, an SCFA that influences the proliferation and differentiation 

of intestinal epithelial cells (200). In a group of hospitalized patients, the relative 

abundance of Coprobacillus, Clostridium ramosum, and Clostridium hathewayi 

positively correlated with COVID-19 severity, while Faecalibacterium prausnitzii 

was inversely correlated with severity (200). Further, intestinal dysbiosis was 

observed post-symptoms and SARS-CoV-2 detection (200). In another study, patients 

with elevated SARS-CoV-2 vRNA demonstrated increased relative abundance of 

Collinsella aerofaciens, C. tanakaei, Morganella morganii, and Streptococcus 

infantis; on the other hand, Slistipes onderdonkii, Bacteroides stercoris, 

Lachnospiraceae bacterium, and Parabacteroides merdae were enriched in patients 

with decreased SARS-CoV-2 vRNA (201). A recent study also showed that fecal 

microbial differences depended on the severity of the COVID-19 disease (202). 

Severe COVID-19 patients displayed a greater abundance of opportunistic pathogens, 

while butyrate-producing groups of bacteria were depleted compared with mild and 

moderate cases (202). Further, dysbiosis of the intestinal microbiome was associated 

with pro-inflammatory cytokines, including an increase in Bacteroides and 

Enterobacteriaceae and decreased Bifidobacterium, Streptococcus, and Collinsella 

(203). Interestingly, individuals with mild disease mount an immune response 

characterized by CD8+ T cells and Th1 cells, while severe/critical patients display a 

dysregulated hyperinflammatory response (203).  

SARS-CoV-2 infection in animal models – The intestinal and fecal microbiota of 

numerous animal models, including mice, hamsters, and nonhuman primates, have 
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been investigated in relation to SARS-CoV-2 infection. Our group previously 

reported that K18-hACE2 mice challenged with low and high doses of SARS-CoV-2 

showed decreased alpha diversity and dissimilar beta diversity measurements 

compared to the control mice (197). Phyla, including Firmicutes, specifically 

Lachnospiraceae and Oscillospiraceae, were significantly less abundant, while 

Verrucomicrobia, particularly Akkermansiaceae, were more prevalent during peak 

infection in mice challenged with a high dose of SARS-CoV-2 (197). Another study 

showed alpha and beta diversity differences between vaccinated and infected K18-

hACE2 mice, which was also observed in humans (202). Notably, unvaccinated mice 

displayed a significant increase in abundance of Odoribacter and Akkermansia 

muciniphia and depletion of Lactobacillus reuteri and Bacteroides uniformis (202). A 

study using germ-free, conventional pathogen-free, and gnotobiotic mice showed the 

intestinal microbiome is associated with ACE2 expression within the respiratory and 

digestive tract; in particular, respiratory and intestinal ACE2 expression was 

significantly increased in germ-free mice and gnotobiotic mice (204). Intestinal 

microbiota differences have also been studied in golden Syrian hamsters, which were 

previously described to mirror human clinical symptoms and pathogenesis of 

COVID-19 (205). Fecal samples from male Syrian hamsters challenged with SARS-

CoV-2 displayed progressive alterations of the bacterial composition, including 

reduction of bacteria associated with SCFA production, including Ruminocacaceae 

and Lachnospiraceae, while harmful bacteria such as Enterobacteriaceae and 

Desulfovibrionaceae were enriched (206). These results were further related to an 

overall decrease in SCFA levels in the blood during infection (206). These effects 
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were also examined within an obese hamster model with nonalcoholic steatohepatitis 

due to the increased risk of developing more severe symptoms of COVID-19 (207). 

Lean hamsters showed more prominent changes with the fecal microbiota at 4 days 

post-infection, while dysbiosis persisted until day 10 within obese hamsters (207). 

Pathological differences, including more severe lung and liver inflammation, were 

also observed within the obese hamster compared to the lean (207). Taxa such as 

Blautia and Peptococcus were associated with pro-inflammatory markers within the 

lungs and liver in obese hamsters infected with SARS-CoV-2 (207). In addition to 

hamsters, significant changes in the fecal microbiota composition 10-13 days post-

SARS-CoV-2 infection were observed in nonhuman primates (208). Specifically, 

several bacteria part of the Proteobacteria phylum, such as those within the genus 

Acinetobacter, were abundant early in infection (208). Meanwhile, 

Gammaproteobacteria, Betaproteobacteria, and Deltaproteobacteria were more 

abundant later (10-13 dpi) in infection (208). Several bacteria also correlated with 

SARS-CoV-2, particularly Acinetobacter and Peptostreptococcaceae (208). 

Comprehensively, the residential microbiota, along with the immune system within 

humans and animal models, plays an important role when combatting respiratory viral 

infections, notably FLUAV and SARS-CoV-2.  
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CHAPTER 3 

CHARACTERIZATION OF AN IN VITRO MODEL SYSTEM TO STUDY AEROSOL 

TRANSMISSION OF INFLUENZA VIRUS 
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Abstract 

Aerosol transmission of influenza A viruses (FLUAV) is an essential mode of 

FLUAV spread among humans; however, numerous in vitro and in vivo studies use a 

liquid inoculum for virus infection. To better replicate natural infections in vitro, we 

generated a calm-aerosol settling chamber system that is easy to assemble, cost-effective, 

and designed to examine the aerosol infectivity of FLUAV viruses in different cell types. 

Aerosol infection and calculation of the aerosol infectious dose 50 were characterized for 

a pandemic H1N1, seasonal swine H3N2, and avian H9N2 FLUAV using this exposure 

system. While all three viruses displayed high replication within MDCK cells via liquid 

inoculation, differences in infectivity were observed via aerosol inoculation. This was 

further observed in differentiated human airway epithelial cells (BCi-NS1.1) cultured in 

an air-liquid interface. These results suggest that this system can be utilized to expand the 

current knowledge on molecular virological markers that influence FLUAV respiratory 

transmission in conjunction with in vivo studies for pandemic risk assessment of 

circulating FLUAV strains. 
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Introduction 

 Various respiratory viruses have been identified to infect humans. Notably, 

viruses within Orthomyxoviridae, Coronaviridae, and Paramyxoviridae can cause 

recurrent epidemics associated with severe disease and zoonotic transmission from 

animals to humans (29). Influenza A viruses (FLUAV), classified within the 

Orthomyxoviridae family, results in seasonal epidemics in the global population that is 

controlled by annual vaccination; however, occasional zoonotic transmission of FLUAV 

can potentially lead to a pandemic outbreak affecting millions of individuals worldwide. 

Generally, zoonotic events are restricted to sporadic primary individual cases; however, 

influenza viruses from other species can acquire the ability to transmit between humans 

and lead to the start of a pandemic (29). Four major pandemics have been documented in 

the past century, including the 1918 H1N1 Spanish Influenza pandemic, the 1957 H2N2 

Asian Influenza pandemic, the 1968 H3N2 Hong Kong Influenza pandemic, and the 2009 

H1N1 pandemic (pH1N1) in which animal-origin viruses became transmissible among 

humans (29). Only H1-H3 FLUAV subtypes have obtained efficient human-to-human 

transmission and become endemic; however, sporadic human infections with H5, H7, and 

H9 avian influenza viruses (AIV) have been reported (209). Understanding the processes 

involved in FLUAV transmission between hosts, particularly aerosol transmission, can 

aid in performing studies analyzing pandemic risk assessment to help direct public health 

preparedness. 

Current literature indicates two primary modes of FLUAV transmission, including 

contact between an infected and a susceptible individual or airborne transmission (29, 

38). Contact transmission can be direct, by transferring infectious particles via physical 
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contact, or indirect, by contaminated surfaces or objects (fomites) (26, 29, 38). 

Meanwhile, airborne transmission refers to when an infected individual expels infectious 

viral particles into the air, which then settle on the mucosa of a susceptible person (29). 

Two main mechanisms of airborne transmission are respiratory droplets or small 

aerosol/droplet nuclei particles (26, 29). The differentiation between the two mechanisms 

is generally based on particle sizes; however, standardization of the terminology is 

lacking (38). Generally, respiratory droplet transmission, or droplet spray, is defined as 

having an aerodynamic diameter greater than 5µm that is propelled at less than a meter 

distance to reach the mucosa directly (28, 29). Respiratory droplets are aerodynamically 

different from small aerosols and often emitted during coughing, sneezing, and talking 

(28, 29). Divergently, aerosols are defined as having an aerodynamic diameter smaller 

than 5 µm and can remain suspended in the air for more extended periods due to the slow 

settling velocity (28, 29). Respiratory aerosols from healthy and infected individuals are 

generally expelled during breathing, talking, singing, shouting, coughing, sneezing, and 

feces (ex. toilet flushing) (29, 31, 38, 80-82). While larger respiratory droplets settle on 

surfaces such as floors or walls after droplet release because of gravity, aerosols diffuse 

and remain suspended indoors and travel considerable distances from the infectious 

source (up to 3.7 m away), accumulate in poorly ventilated spaces and can be inhaled at 

short and long distances (28, 29, 80). 

While respiratory droplets and aerosols differ in aerodynamic properties, there are 

also multiple differences when analyzing viral loads and infectivity. Aerosols produced 

by numerous activities such as breathing and coughing have different aerosol size 

distributions and airflow velocities, which can impact the viral load, suspension time, 
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distance traveled, and deposition location in the contact person (80, 83). Aerosols up to 

100 µm can be inhaled; particles with a diameter of 10-100 µm are primarily deposited in 

the oropharynx, while particles 5-10 µm are deposited in the central airway (80, 84, 85). 

In comparison, aerosol particles < 5 µm can reach the lower respiratory tract, such as 

alveoli within the lungs (84, 85). Numerous other factors, including anatomical and 

physiological barriers, anatomical structure, breathing patterns, and respiratory mucus, 

can also affect virus-laden aerosol deposition (80, 86). Further, numerous studies have 

reported higher FLUAV vRNA loads in smaller aerosols of less than 5 µm compared to 

larger respiratory droplets (32, 33, 81, 92-94). 

While aerosol transmission is a standard route of FLUAV infection in humans, 

many in vivo studies inoculate animal models via direct contact (intranasal). Therefore, 

multiple groups have examined differences in pathogenesis when inoculating via 

intranasal or aerosol (34-36, 210-212). Within ferrets, a more considerable amount of 

FLUAV delivered via intranasal inoculation was observed in the lower lobes of the lungs 

(49% in peripheral lung tissue, 2% in the nasal turbinates, 26% in the upper trachea, 17% 

in the esophagus, and 6% in the bronchi), while FLUAV delivered via aerosol was 

deposited primarily in the upper respiratory tract (70% in the upper trachea, 1% in the 

nasal turbinates, 4% esophagus, 5% bronchi, and 14% in peripheral lung tissue); 

however, a greater amount of virus was re-directed to the digestive tract in ferrets 

inoculated via the intranasal route (210). Ferrets inoculated via aerosol also exhibited a 

gradual progression of clinical signs, while ferrets inoculated via the intranasal route 

exhibited a sudden onset of severe disease (210). Nevertheless, both inoculation routes 

resulted in similar lethality (210). Another study analyzing different inoculation methods 
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in non-human primates showed that challenge with a pH1N1 (A/California/04/2009) 

FLUAV via aerosol resulted in upper and lower respiratory tract virus distribution while 

intranasal infection had confined distribution in the upper respiratory tract (213). 

Animal models such as ferrets and guinea pigs are frequently utilized to 

understand the aerosol transmission of numerous FLUAV subtypes, including H1N1, 

H3N2, H5N1, H9N2, and H10N7 (214-218) (27, 219-222). While the ferret model 

recapitulates human disease regarding susceptibility, pathogenesis, and transmission, 

ferrets are expensive and potentially difficult to work with in high numbers (214, 223, 

224). Therefore, assessing aerosol transmission in an in vitro system can be valuable for 

screening viruses for potentially enhanced human-to-human transmission prior to or in 

conjunction with in vivo studies. Infection of adherent cell monolayers with a liquid 

inoculum to study virus replication is an established method, which is relatively 

inexpensive, allowing for testing of multiple experimental conditions and cell lines of 

different origins with considerable reproducibility. However, traditional liquid infection 

for in vitro replication poorly represents natural exposure and infection of cells within the 

respiratory tract (225). 

A previous study adapted an aerosolized system that had the ability to inoculate 

epithelial cell monolayers with high pathogenicity avian influenza (HPAI) H5N1, a low 

pathogenicity avian influenza (LPAI) H7N9, and a seasonal H3N2 FLUAV (225). While 

the authors were able to infect cell culture monolayer and primary human alveolar 

epithelial cells, the system reported had numerous components to manipulate multiple 

environmental factors. Therefore, we aimed to develop a simple in vitro model system to 

infect adherent cell monolayers and differentiated human airway epithelial (HAE) cells 
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cultured in air-liquid interface (ALI) conditions via aerosol inoculation. We calculated 

the relative infectious dose 50 for aerosol inoculation for three FLUAV subtypes: a 

pH1N1, swine-origin H3N2, and avian-origin H9N2. We show that all three viruses were 

able to infect a commonly utilized cell line, Madin-Darby canine kidney (MDCK) cells, 

and a recently developed immortalized differentiated human airway epithelial cell line 

(BCi-NS1.1) (225, 226). Further, we demonstrate higher aerosol infection efficiency in 

the pH1N1 strain compared to the swine-origin H3N2 and avian-origin H9N2 in MDCK 

cells and differentiated human cells. Due to its simplistic setup, this in vitro system can 

screen numerous FLUAV viruses for aerosol infection efficiency before or in conjunction 

with in vivo studies analyzing pandemic risk assessment to help direct public health 

preparedness. 

 

Materials and Methods 

Cells  

MDCK cells were a kind gift from Robert Webster (St Jude Children’s Research 

Hospital, Memphis, TN, USA). Cells were maintained in Dulbecco’s Modified Eagles 

Medium (DMEM, Sigma-Aldrich, St Louis, MO, USA) containing 10% fetal bovine 

serum (FBS, Sigma-Aldrich, St. Louis, MO, USA), 1% antibiotic/antimycotic (AB, 

VWR, Radnor, PA, USA) and 1% L-Glutamine (Sigma-Aldrich, St Louis, MO, USA). 

Cells were cultured at 37°C under 5% CO2. 

Human airway epithelial cells BCi-NS1.1 were obtained from Dr. Ronald Crystal 

(Weill Cornell Medicine, NY, USA). Cells were maintained in 1X Basal Media 

containing PneumaCult-Ex Plus Basal Medium (490mL) (STEMCELL Technologies, 
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Vancouver, Canada), PneumaCult-Ex Plus 50X Supplement (STEMCELL Technologies, 

Vancouver, Canada), 0.1% Hydrocortisone (STEMCELL Technologies, Vancouver, 

Canada), 1% Penicillin-Streptomycin (5000 U/mL; ThermoFisher Scientific, MA, USA), 

0.5% Amphotericin B (ThermoFisher Scientific, MA, USA), and 0.5% Gentamycin (50 

mg/mL; Sigma-Aldrich, St Louis, MO, USA). Cells were cultured at 37°C under 5% 

CO2. Trypsin-EDTA (Sigma-Aldrich, ST Louis, MO, USA) followed by a solution of 

85% HEPES Buffered Saline (Lonza, Basel, Switzerland) with 15% FBS (Sigma-

Aldrich, St. Louis, MO, USA) were used for passaging the cells. The BCi-NS1.1 were 

not used after 25 passages.  

Differentiation of the BCi-NS1.1 was performed in 12 mm transwell plates with 

0.4 um pore polyester membrane inserts (Corning Inc., NY, USA). Prior to plating, 

transwell membranes were coated with human type IV collagen (Sigma-Aldrich, St. 

Louis, MO, USA) and then rinsed with 1X phosphate-buffered saline (PBS; 

ThermoFisher Scientific, MA, USA). Once the membrane was dry, 300,000 BCi-NS1.1 

cells/well were plated into the transwell membrane insert with 1X Basal Media and 

cultured at 37°C under 8% CO2. After reaching 100% confluency, the cells were changed 

to ALI conditions by removing the apical media and then changing the basal media for 

1X ALI media. ALI media contained PneumaCult ALI Base Medium (450mL) 

(STEMCELL Technologies, Vancouver, Canada), 10X PneumaCult ALI Supplement 

(50mL) (STEMCELL Technologies, Vancouver, Canada), 1% Penicillin-Streptomycin 

(5000 U/mL; ThermoFisher Scientific, MA, USA), 0.5% Amphotericin B (ThermoFisher 

Scientific, MA, USA), 0.5% Gentamycin (50 mg/mL; Sigma-Aldrich, St Louis, MO, 

USA), 1% PneumaCult ALI Maintenance Supplement (STEMCELL Technologies, 
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Vancouver, Canada), 0.2% Heparin solution (STEMCELL Technologies, Vancouver, 

Canada), and 0.5% Hydrocortisone Stock solution (STEMCELL Technologies, 

Vancouver, Canada). Cells were cultured in ALI conditions at 37°C under 8% CO2 for 5 

days. The cells were incubated at 37°C under 5% CO2 until they reached 17 days in ALI 

conditions.  

 

Viruses  

Virus stocks of the mouse-adapted pH1N1 A/California/04/2009 (Ca04; H1N1), 

swine-origin A/turkey/Ohio/313053/04 (Oh/04; H3N2), and avian-origin A/Guinea 

Fowl/Hong Kong/WF10/99 (WF10; H9N2) were generated in 10-day old specific 

pathogen-free (SPF) embryonated chicken eggs. These viruses were chosen because of 

their relevance in FLUAV transmission, infection in humans or potential for zoonosis. 

MDCK cells were used for FLUAV infection and titration of virus stocks. Virus stocks 

were titrated by tissue culture infectious dose 50 (TCID50), and virus titers were 

established by the Reed and Muench method (227).  

 

Liquid inoculation  

Confluent monolayers of MDCK cells were inoculated with 500 µL of ten-fold 

dilutions of a multiplicity of infection (MOI) starting at 0.01 until 10-6 for each virus. 

Numerous MOIs were tested to follow similar experimental setup as the aerosol 

inoculation below. Negative controls included inoculation of 500 µL of Opti-MEM 1 

(Life Technologies, CA, USA), containing antibiotic-antimycotic solution (Opti-AB). 

Plates were incubated for 1 hour and rocked every 15 min at 37°C under 5% CO2. The 
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virus inoculum was removed, and the cells were washed twice with 1 mL of PBS. 

Subsequently, 2 mL of Opti-AB containing 1 μg/mL N-p-tosyl-ʟ-phenylalanine 

chloromethyl ketone (TPCK)-treated trypsin (Worthington Biochemicals, NJ, USA) was 

added to each well. At 0, 12-, 24-, 48-, and 72-hours post-inoculation (hpi), 200 µL of 

tissue culture supernatant from inoculated cells were collected and then replaced. One-

fourth of the volume collected was used for a hemagglutination assay titration, and the 

rest of the volume was stored at -80°C. Each virus contained 6 wells per dilution and 

each experiment was performed a total of 2 times. 

 Differentiated HAE cells incubated in ALI conditions for 17 days were washed 3 

times with PBS before inoculation to remove accumulated mucus. Cells were then 

inoculated with 500 µL of the ten-fold dilution of an MOI starting at 1 until 0.01 for each 

virus. Negative controls included inoculation of 500 µL Opti-AB. Plates were incubated 

for 1 hour at 37°C under 5% CO2. The virus inoculum was removed, and the cells were 

washed with 1 mL of PBS three times. Following, 1.5 mL of new ALI media was added 

to the basal compartment. At the indicated time points, 200 µL of Opti-AB was added to 

the apical part of the well and then incubated for 10 min at 37°C under 5% CO2. The 

media was then collected and used for hemagglutination (HA) assay titration while the 

rest of the volume was stored at -80°C. Each virus contained 6 wells per dilution and was 

repeated twice. 

 In order to examine initial virus replication of the three different subtypes in 

differentiated BCi-NS1.1 cells, cells were inoculated with 1 MOI for each virus. Negative 

controls included inoculation of 500 µL Opti-AB. Infection and sample collection were 
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performed as stated above. Titration of collected samples was achieved by TCID50, and 

virus titers were established by the Reed and Muench method (227). 

 

Aerosol inoculation  

The bioaerosol system used for all experiments was adapted from previously 

published designs (210, 225, 228). Included within the aerosol chamber setup are a pump 

(flow rate 13.3 L/min), Buxco Mass dosing controller (Data Sciences International, MN, 

USA), Aeroneb lab control module (Kent Scientific, CT, USA), Aeroneb Lab Nebulizer 

unit (Small VMD; Kent Scientific, CT, USA), Mass dosing chamber (Data Sciences 

International, MN, USA), SKC BioSampler (SKC, PA, USA), BioLite+ High-volume 

sample pump (SKC, PA, USA), NIOSH Bioaerosol sampler, liquid traps (Fisher 

Scientific, NH, USA), HEPA-CAP filters (VWR, PA, USA) and multiples sizes of plastic 

tubing and tubing adapters (Fig 3.1A). Regarding airflow, 6 mL of virus dilution or Opti-

AB (negative control) was aerosolized using the Aeroneb Lab Nebulizer with an expected 

particle size of 2.5 - 4 µm at a rate of 0.1 mL/min. For MDCK cell exposures, ten-fold 

dilutions of a MOI starting at 0.01 until 10-6 was used for each virus. For differentiated 

HAE cells, ten-fold dilution of an MOI starting at 1 until 0.01 was used for each virus. 

Multiple MOI dilutions were used to calculate the aerosol infectious dose 50 (AID50) 

discussed below. The nebulizer was connected to the Aeroneb lab control module, which 

was then connected to the Buxco Mass dosing controller. An input of HEPA-filtered air 

into the mass dosing chamber was provided by pooled air from the air pump and Buxco 

mass dosing controller at a rate of 16 L/min. The flow rate for each pump was measured 

at the start of each experimental exposure. Relative humidity was reduced using silicone 
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desiccating beads placed within two containers in the exposure chamber. Cells were 

placed inside the exposure chamber in the same position for each run. MDCK cells 

contained 500 µL of Opti-AB to prevent the cells from drying while differentiated HAE 

cells were under ALI conditions. Aerosol exposures were conducted at room temperature 

(20-22°C) and 40-60% relative humidity for 15 min followed by a 5 min purge to enable 

clearing of the aerosolized virus from the chamber. Subsequently, cells were removed 

from the chamber, incubated for 1 hour, and rocked every 15 min at 37°C under 5% CO2. 

Washing of the cells and sample collection at indicated time points followed the previous 

protocol discussed above. Each virus contained 6 wells per dilution and was repeated 

twice.  

 To examine the amount of virus-laden aerosols generated, two biosamplers were 

included within the chamber setup: the SKC Biosampler and the NIOSH biosampler. In 

different experiments, 6 ml of 1 x 106 TCID50/ml of each virus was aerosolized using the 

Aeroneb Lab Nebulizer as previously described. The Biosampler collection was 

conducted for 15 min. The SKC Biosampler contained 10 mL of Opti-AB and ran at a 

rate of 12.5 L/min while the NIOSH composed of a 15 mL conical tube, 1.5 mL screw-

cap tube, and PTFE filter (0.3 µm) and ran at a rate of 3.5 L/min. After collection, an 

aliquot of the SKC Biosampler was stored at -80°C for future titration. For the NIOSH 

biosampler, 4 mL of Opti-AB for the first stage tube, 1.5mL of Opti-AB for the second 

stage, and 4mL of Opti-AB for the filter were used to wash the walls of the tubes/filter 

after aerosol collection. Samples were stored at -80°C for future titration. SKC 

Biosampler and NIOSH biosampler collections were titrated by one-step real-time 

quantitative PCR (RT-qPCR). RNA was extracted from the biosampler collection using 
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the MagMax-96 AI/ND viral RNA isolation kit (ThermoFisher Scientific, MA, USA) 

following the manufacturer's protocol. Primers M+25 

(AGATGAGTCTTCTAACCGAGGTCG) and M-124 

(TGCAAAAACATCTTCAAGTCTCTG) were used for titrating samples inoculated with 

WF10. Primer M-124_Ca/04_CJC (TGCAAAGACACTTTCCAGTCTCTG) and M-

124_Ty/04_CJC (TGCAAAAACGTCTTCGAGTCTCTG) were used in replacement of 

M-124 for Ca04 and Oh/04 titration, respectively. A probe with FAM as a reporter and 

TAMRA as a quencher was used (56-FAM/TCA GGC CCC CTC AAA GCC GA/36-

TAMSp). The RT-qPCR was performed using a Quantabio qScript XLT One-Step RT-

qPCR ToughMix kit (Quantabio, MA, USA) in a 20 µL final reaction volume on the 

QuantStudio 3 Real-Time PCR System (ThermoFisher Scientific, MA, USA). Each 

reaction contained 1X master mix, 0.5 µM of each primer, 0.3 µM probe, and 5 µL of 

RNA. The qPCR cycling conditions were 50°C, 20 min; 95°C, 1 min, 40 cycles at 95°C, 

1 min; 60°C, 1 min; and 72°C 1s; with a final cooling step at 4°C. A standard curve was 

generated using 10-fold serial dilutions of the virus stock of known titer to correlate RT-

qPCR crossing point (Cp) values with the viral load. RNA virus loads were calculated as 

log10 TCID50 equivalents/mL. Infectious virus was determined byTCID50 using the Reed 

and Muench method (227). The SKC Biosampler collections were also titrated by 

TCID50 and virus titers were established by the Reed and Muench method (227). 

 

Hemagglutination (HA) Assay  

Hemagglutination titers were calculated as previously described (229). Turkey 

(used for Ca04 and Oh/04) and chicken (WF10) red blood cells (RBCs) were separated 
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from whole blood, isolated, and diluted to 0.5% in PBS. Diluted RBCs were incubated 

with two-fold serial dilutions of cell culture supernatant. For MDCK experiments, 

hemagglutination units (HAU) were determined after 45 min incubation at room 

temperature. For differentiated HAE cells, HAU were determined after overnight 

incubation at 4°C as previously described for differentiated nasal epithelial cells (229).  

 

Histology and Immunofluorescence of differentiated HAE cells 

Differentiation of HAE cells in ALI culture were confirmed using 

immunofluorescent staining of paraffin-embedded cross-sections or by top-staining of the 

transwell membrane. Briefly, transwell membranes were cut out of the well, rolled into a 

cassette, and fixed in 10% neutral-buffered formalin (NBF) for at least 72 hours. The 

cells were then embedded in paraffin and processed for routine histopathology with 

hematoxylin and eosin staining (HE). Non-stained slides were also used for 

immunofluorescent staining. Slides were de-paraffinized in xylene and ethanol as 

previously described (230). Heat antigen retrieval was performed by steaming the slides 

for 45 min with citrate buffer solution followed by PBS washing. For top staining, the 

transwells were fixed directly with 4% paraformaldehyde in PBS for 30 min and then 

washed 2X with PBS. Samples were then permeabilized with 0.3% triton X-100 in PBS, 

followed by blocking with 5% bovine serum albumin in PBS for 1 hour at room 

temperature. The samples were then stained with the following primary antibodies: KRT5 

(basal cell; 2 µg/ml; HPA059479; Millipore Sigma, MA, USA), beta-tubulin I and II 

(cilia; 1/800; T8535, Sigma-Aldrich, MO, USA), CC16 (Club cell; 2 µg/ml; 

RD181022220-01; BioVendor, NC, USA), MUC5AC (M1 mucin; 2 µg/ml; MA5-12178, 



 

55 

 

ThermoFisher, MA, USA), and TFF3 (goblet cell; 2 µg/ml; HPA035464; Millipore 

Sigma, MA, USA) for 1 hr at room temperature. To visualize the staining, samples were 

incubated with Alexa Fluor 488 Goat Anti-Mouse IgG (1/1000; A-11032, ThermoFisher, 

MA, USA) or Alexa Fluor 594 Donkey Anti-Rabbit IgG (1/1000; A-21207; 

ThermoFisher, MA, USA) as secondary antibodies with DAPI to identify cell nuclei for 1 

hour at room temperature. Actin staining was performed by incubating samples with 

ActinGreen 488 ReadyProbes (R37110, ThermoFisher, MA, USA) for 5 min. 

Subsequently, membranes were mounted using Vectashield plus antifade mounting 

medium (Vector laboratories, CA, USA). Immunofluorescent microscope images were 

collected using a Nikon confocal microscope with a 60x lens. Images were captured and 

adjusted using Nikon NIS-Elements software (v 4.60.00).  

For ⍺2,3 and ⍺2,6 receptor staining, samples were not permeabilized until after 

the secondary antibody incubation. Further, the samples were stained with the following 

primary antibodies: Maackia Amurensis Lectin II (⍺2,3, Biotinylated, 15 µg/ml; B-1265-

1; Vector laboratories, CA, USA) and Sambucus Nigra Lectin (⍺2,6, Fluorescein, 15 

µg/ml; F13012; Vector Laboratories, CA, USA) for 30 min at room temperature. The 

samples were then incubated with 1 secondary Streptavidin Alexa Fluor 594 conjugate 

(1/1000; S32356; ThermoFisher, MA, USA) for 30 min at room temperature. Cells were 

then permeabilized for 10 min as previously described and stained for DAPI to visualize 

the cell nuclei for 10 min. The membranes were mounted using Vectashield plus antifade 

mounting medium and imaged as previously described.  
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Virus Binding  

MDCK cells were plated on coverslips in a 12-well plate to analyze virus binding 

and HAE were differentiated as described above. Prior to inoculation, differentiated HAE 

cells were washed 3X with PBS to remove mucus, and both cell lines were incubated at 

4°C for 10 min. MDCK cells and differentiated HAE cells were then inoculated with 

Ca04 or WF10 at an MOI of 100 on ice and then incubated at 4°C for 30 min. The 

samples were washed 3X with PBS and then fixed with 4% paraformaldehyde in PBS for 

30 min at room temperature. The cells were then stained for receptors following the 

protocol described previously with the addition of primary antibodies anti-hemagglutinin 

Ca04 H1N1 antibody (1/500; VWR, PA, USA) or anti-hemagglutinin H9 antibody for 1 

hour at room temperature. The secondary antibody used for the additional primary 

antibody was Alexa Fluor 647 Goat Anti Mouse (1/1000; A2137, Invitrogen, MA, USA). 

Cells were then permeabilized for 10 min as previously described and stained for DAPI 

for 10 min to visualize the cell nuclei. The membranes were mounted using Vectashield 

plus antifade mounting medium and imaged as previously described.  

 

Exposure dose and infectious dose 50 calculations 

 The concentration of infectious virus in an aerosol (Caer) was calculated by 

integrating the media volume (Vsamp), the concentration of virus (Csamp), and the flow rate 

(Qsamp) as previously described (225):  

𝐶𝑎𝑒𝑟 =
(𝐶𝑠𝑎𝑚𝑝)(𝑉𝑠𝑎𝑚𝑝)

(𝑄𝑠𝑎𝑚𝑝)(𝑡)
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Further, the total number of infectious virions moving through the exposure 

chamber during the 15 min exposure (Ncham) was calculated as previously described 

(225):  

𝑁𝑐ℎ𝑎𝑚 =
(𝐶𝑠𝑎𝑚𝑝)(𝑉𝑠𝑎𝑚𝑝)(𝑄𝑐ℎ𝑎𝑚)

𝑄𝑠𝑎𝑚𝑝
 

The equation considers the concentration of the virus (Csamp), the volume of media 

(Vsamp), the flow rate of the chamber (Qcham), and the flow rate of the sampler (Qsamp). 

Following Creager et al., the Ncham was multiplied by the ratio of the surface area of each 

6-well (9.6cm2) or 12-well transwells (1.1cm2; diameter = 12mm) to the cross-sectional 

area of the chamber (1,670cm2; l (19.2 in) x w (13.5 in)) to calculate the exposure dose 

(ED) (225). The AID50 was calculated by graphing a non-linear regression model and 

determining the half maximal effective concentration (EC50) of the ED.  

 

Graphs/Statistical Analyses 

Data analyses and graphs were performed using GraphPad Prism software version 

9.4 (GraphPad Software Inc., CA, USA). A P value below 0.05 was considered 

significant.  

 

Results  

Aerosol exposure chamber system setup 

 Previous studies have reported an exposure system used to aerosolize FLUAV in 

an in vitro and in vivo setting; however, these systems generally contain multiple 

components to control environmental factors along with the high cost of implementation 
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and assembly. Therefore, we generated a calm-aerosol settling chamber system that is 

easy to assemble with less equipment and more cost-effective for analyzing aerosol 

infection efficiency of different FLUAV viruses (Fig 3.1A). This system contains a large 

exposure chamber, which can be used to expose several plates of cells or utilized for in 

vivo studies. It also includes two biosamplers, in which the SKC Biosampler has been 

commonly used in aerosol chamber experiments to collect infectious FLUAV, while the 

NIOSH biosampler can compartmentalize aerosols of different sizes (>4 µm, 1-4 µm, <1 

µm) (Fig 3.1B). Therefore, this system can be utilized for preliminary assessment of 

aerosol transmission efficiency of different FLUAV strains complementary with in vivo 

data. Aerosol inoculation of cell culture plates was conducted in the following manner. 

MDCK and differentiated HAE cells were exposed to ten-fold serial dilutions of 

aerosolized FLUAV of three different subtypes for 15 min followed by a 5 min purge. 

The cells were then incubated at 37°C for 1 hour, washed with PBS to remove leftover 

inoculum and unbound FLUAV, and then incubated for 3 days. Mock infections led to no 

visible decrease in cell viability, suggesting that the cells remained viable during the 

exposure time. As a control, cells were inoculated via liquid with 500 µL of the same 

MOI dilutions for each virus that were aerosolized because of the low-dose inoculums 

tested.  

 

Liquid and aerosol infection of an H1N1, H3N2, and H9N2 in MDCK cells 

 Initial aerosol exposure studies were conducted in MDCK cells to validate the 

aerosol chamber study design. This cell line is commonly utilized in FLUAV research 

and has been previously shown to support the replication of numerous FLUAV subtypes. 
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Three FLUAV of different subtypes (A/California/04/2009 (Ca04; H1N1), 

A/turkey/Ohio/313053/04 (Oh/04; H3N2), and A/Guinea Fowl/Hong Kong/WF10/99 

(WF10; H9N2)) that have been previously shown to replicate with high efficiency in 

MDCK cells were serially diluted and used to inoculate six wells via aerosol or liquid 

inoculation at different MOIs. Cell culture supernatant was collected at 0, 12-, 24-, 48-, 

and 72 hpi and used for initial titration by HA assay. HAU below the limit of detection (< 

2 HAU) was observed at 0 and 12 hpi for all three viruses in aerosol and liquid 

inoculation (data not shown). At 24 hpi, 10/12 wells exposed to aerosolized Ca04 at an 

MOI of 0.01 had HAU above the limit of detection, while Oh/04 and WF10 contained no 

wells positive by HAU (Fig. 3.2). Within liquid inoculation, Ca04 and Oh/04 both had 

wells positive at MOI of 1 x 10-5 while WF10 had wells positive by HA in MOI of 1 x 10-

2. At 48 hpi, 4/12 wells exposed to aerosolized Ca04 had detectable HAU at an MOI of 1 

x 10-4, while Oh/04 had 2/12 wells positive at the same dilution; however, 1/12 wells had 

detectable HAU at an MOI of 1 x 10-3 when exposed to aerosolized WF10 (Fig 3.2). 

Among the liquid inoculation, 7/12 wells were positive at MOI of 1 x10-6 for Ca04 and 

Oh/04, while 5/12 wells were positive at MOI of 1 x 10-5 for WF10 at 48 hpi. Similar 

results to 48 hpi were observed at 72 hpi for wells infected with aerosolized Ca04 and 

Oh/04, while more wells exposed to aerosolized WF10 (8/12) were positive at an MOI of 

1 x 10-3 and 1/12 wells were positive at MOI of 1 x 10-4 (Fig 3.2). At 72 hpi, more wells 

were positive via liquid inoculation of WF10, while the number of wells considered 

positive via Ca04 and Oh/04 stayed the same. As expected, no HAU above the detection 

limit was observed among the negative controls at all sample collections. Overall, 
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differences among the number of positive wells via aerosol infection were observed when 

comparing a pH1N1, swine-origin H3N2, and avian-origin H9N2 FLUAV.  

Considering we were able to infect MDCK cells at different MOI dilutions via 

aerosol, we next investigated the ability to calculate the AID50 for each virus in MDCK 

cells. Since the liquid inoculation of WF10 was lower at 48 hpi but similar at 72 hpi 

compared to Ca04 and Oh/04, the results from the 72 hpi collection were used for 

calculating the AID50. To determine the AID50, the proportion of wells with HAU 

greater than 2 and their respective dilution factor were used in a non-linear regression 

model to calculate the EC50 (Fig 3.3A). Results showed that Ca04 had the lowest EC50 

with an MOI of 1 x 10-3.7, followed by WF10 with an MOI of 1 x 10-3.2 and Oh/04 with an 

MOI of 1 x 10-2.6 (Fig 3.3A). EC50 values of the liquid inoculated viruses were similar 

for Ca04 and WF10 but lower for Oh/04. To further visualize the results, we examined 

the area under the curve (AUC) from the non-linear regression (Fig 3.3B). Similar to the 

EC50 values, results showed that Ca04 (1.74) had the largest AUC followed by WF10 

(1.24) and then Oh/04 (0.82) when cells were inoculated via aerosol (Fig 3.3B). 

Contrastingly, Oh/04 (3.79), followed by WF10 (3.08) and Ca04 (3.08), had the largest 

AUC when cells were inoculated via liquid (Fig 3.3B). Utilizing different parameters 

within the aerosol exposure chamber design (Table 3.1), we calculated the total 

concentration of infectious virus in an aerosol (Caer), the total number of aerosolized 

particles passing through the chamber during an exposure (Ncham), and the exposure dose 

per well (ED) using the surface area of a 6-well plate, as previously described (Table 3.2) 

(225). Subsequently, we calculated the EC50 based on the ED for each run to determine 

the AID50. The AID50s for each run were averaged to give the final AID50 calculated 
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for each virus. The lowest AID50 among the three viruses was Ca04 at 88.1 

TCID50/well, followed by WF10 with an average of 308.3 TCID50/well and Oh/04 at 

942.3 TCID50/well. Conclusively, the AID50 results demonstrate different aerosol 

infection efficiencies among the three viruses, specifically Ca04 and Oh/04, in MDCK 

cells within this aerosol chamber system. 

 Since differences in AID50 were observed among the three FLUAV subtypes, we 

analyzed the amount of infectious virus and viral RNA (vRNA) collected from two 

different biosamplers when 1 x 106 TCID50/mL of each virus was aerosolized within the 

exposure chamber. For the SKC Biosampler, collected inoculum and samples were 

titrated for infectious virus by TCID50 and vRNA loads by RT-qPCR (Fig 3.3C). The 

SKC Biosampler titers were normalized using the equation to calculate the Caer as 

previously described (225). Briefly, the calculated titers were multiplied by the volume 

within the sampler and then divided by the sampler's flow rate multiplied by the exposure 

time. Parameters used in calculating the titers obtained from SKC Biosampler are 

displayed in Table 3.1. Results showed lower titers of infectious virus and vRNA loads 

from the SKC Biosampler compared to the inoculum (Fig 3.3C). Further, infectious virus 

titers and vRNA loads were similar among all three viruses collected in the SKC 

Biosampler. Concurrently, we sampled aerosolized virus using the NIOSH biosampler, 

which can compartmentalize aerosols of different sizes (>4 µm, 1-4 µm, <1 µm). Similar 

to the SKC Biosampler, calculated titers were multiplied by the volume within the 

sampler and then divided by the flow rate of the sampler multiplied by the exposure time. 

Results showed lower vRNA loads in Ca04 compared to the other two viruses in all 

stages of the NIOSH, particularly within the filter (Fig 3.3D). Overall, similar amounts of 
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aerosolized infectious virus and vRNA were collected within the SKC Biosampler and 

NIOSH biosampler among the three viruses.  

 

Characterization and FLUAV infection of differentiated human airway epithelial cells 

BCi-NS1.1 

 Since we were able to infect MDCK via aerosol with all three FLUAV subtypes, 

we next investigated the ability to infect more relevant cells, differentiated HAE cells, via 

liquid and aerosol inoculation. Previously, Walters et al. immortalized HAE (BCi-NS1.1) 

by infecting the human airway basal cell line obtained from brushings of the airway 

epithelium of a healthy nonsmoker with a retrovirus expressing human telomerase (226). 

Differentiation of BCi-NS1.1 under ALI conditions showed multipotent differentiation 

capacity for over 40 passages (226). Here, we utilized differentiated BCi-NS1.1 cells to 

investigate the ability to infect differentiated HAE cells via aerosol using the aerosol 

exposure system established here and further analyze the aerosol inoculation efficiency of 

FLUAV of different subtypes. However, prior to testing the ability to infect the 

differentiated BCi-NS1.1 cells with FLUAV, we confirmed the differentiation of the 

HAE cells by analyzing cross-sections of BCi-NS1.1 cells cultured in ALI conditions. 

H&E staining of the cross sections of non-differentiated BCi-NS1.1 cells showed a 

limited number of cell layers resembling more of a monolayer phenotype (Fig 3.4A left). 

Contrastingly, BCi-NS1.1 cells cultured in ALI conditions for 17 days displayed 

characteristics of pseudostratified ciliated epithelium with visible cilia toward the top of 

the cells and intermittent presence of goblet cells (Fig 3.4A right). Immunofluorescent 

staining for KRT5 (basal cell marker) and β-tubulin I and II (ciliated cell marker) showed 
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positive staining for basal cells closer to the membrane and ciliated cells toward the top 

of the epithelium with DAPI (cell nuclei marker) in between (Fig 3.4B). Further, top 

immunofluorescent staining of CC16 (club cell marker), MUC5AC (mucin marker), and 

TFF3 (goblet cell marker) displayed positivity for all these cell types in BCi-NS1.1 cells 

cultured in ALI conditions for 17 days (Fig 3.4C). Notably, the cells contained a high 

prevalence of ciliated cells, correlating with what was observed in the cross-section 

histology images. In conclusion, we confirmed that the culture of BCi-NS1.1 cells for 17 

days in ALI conditions resulted in phenotypes resembling a pseudostratified ciliated 

human airway epithelium.  

 While BCi-NS1.1 cells have been used in a previous study to examine the role of 

IRF7 during H1N1 FLUAV infection, the distribution of FLUAV cell receptors within 

the differentiated BCi-NS1.1 cell line has not been reported. Therefore, we stained via 

immunofluorescence for the distribution of ⍺ 2,3- and ⍺ 2,6- sialic acids (SA) in 17-day 

ALI cultures (Fig 3.5A). Numerous studies have previously demonstrated that the 

hemagglutinin (HA) from human-origin FLUAV preferentially binds 2,6-SA while HA 

from avian-origin FLUAV preferentially binds to 2,3-SA (108). Immunofluorescence 

showed positivity for both ⍺ 2,3 and ⍺ 2,6 on the differentiated BCi-NS1.1 cells; 

however, the cells had more staining of ⍺ 2,6 receptor positivity compared to ⍺ 2,3-SA 

(Fig 3.5A). Since we confirmed the presence of both SA receptor confirmations, we 

examined the replication of Ca04 H1N1, Oh/04 H3N2, and WF10 H9N2 in differentiated 

BCi-NS1.1 cells at an MOI 1 via liquid inoculation (Fig 3.5B). Results showed similar 

virus replication kinetics between Ca04 and Oh/04, with the largest amount of virus 

replication occurring between 0 and 24 hpi (Fig 3.5B). However, WF10 displayed a slight 
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increase in virus titer at 24 hpi but then decreased until 72 hpi suggesting restrictive 

replication within the differentiated BCi-NS1.1 cells (Fig 3.5B). Virus titers were below 

the limit of detection in the negative control. Because we saw limited replication of 

WF10 in the differentiated BCi-NS1.1 cells, we further examined virus binding of Ca04 

and WF10 in this cell line with co-staining of the ⍺ 2,3- and ⍺ 2,6-SA. MDCK cells were 

used as a control. Virus binding of Ca04 and WF10 was present in MDCK cells, while 

the negative control had no positive virus HA staining (purple) (Fig 3.5C). Ca04 virus 

positivity predominantly overlapped with ⍺ 2,6-SA staining, while WF10 virus positivity 

largely overlapped with ⍺ 2,3-SA staining. While less binding was observed, both Ca04 

and WF10 HA staining were observed within the differentiated BCi-NS1.1 cells, 

suggesting that restrictive replication of WF10 is not exclusively the result of reduced 

virus binding.  

 

Liquid and aerosol infection of an H1N1 and H3N2 in differentiated human airway 

epithelial cells BCi-NS1.1 

Since we were able to infect differentiated BCi-NS1.1 cells with the H1N1 and 

H3N2 FLUAV strains, we investigated the ability to infect differentiated HAE cells via 

aerosol using this exposure system. WF10 was not evaluated for aerosol infection since 

liquid inoculation at 1 MOI resulted in limited replication. Similar to the experiments 

performed in MDCK cells, cell culture supernatant was collected at 0, 12-, 24-, 48-, and 

72 hpi and used for initial titration by HA. HAU below the limit of detection (< 2 HAU) 

were observed at 0, 12, and 24 hpi for both viruses in aerosol and liquid inoculation (data 

not shown). At 48 hpi, 6/12 transwells exposed to aerosolized Ca04 at an MOI of 0.1 had 



 

65 

 

HAU above the detection limit, while 4/12 wells exposed to Oh/04 at an MOI of 1 were 

positive. When analyzing positivity in liquid inoculated transwells, a similar number of 

transwells were positive for Ca04 and Oh/04 (Fig 3.6). When inoculated via liquid with 

Ca04, 6/12 transwells were positive at an MOI 0.1 and 1/12 transwells at MOI 0.01, 

while liquid inoculation with Oh/04 resulted in 8/12 positive transwells at an MOI 0.1 

(Fig 3.6). Compared to 48 hpi, an increased number of transwells were positive via 

aerosol and liquid inoculation for both viruses at 72 hpi (Fig 3.6). When exposed to 

aerosolized Ca04, 7/12 transwells were considered positive at an MOI of 0.01, while 6/12 

transwells exposed to aerosolized Oh/04 at an MOI of 0.1 were considered positive (Fig 

3.6). While the number of wells infected via aerosol differed among the two viruses, a 

similar number of wells were positive via liquid inoculation (Fig 3.6). Overall, 

differences among the number of positive wells via aerosol infection were observed when 

comparing a pandemic H1N1 and a seasonal swine H3N2 in differentiated HAE cells.  

Similar to the experiments performed in MDCK cells, we examined the AID50 

for Ca04 and Oh/04 in differentiated BCi-NS1.1 cells. At 48 hpi, we calculated the 

proportion of wells with HAU greater than 2, and their respective dilution factor was 

used in a non-linear regression model to calculate the EC50 value (Fig 3.7A). Results 

showed that Ca04 had the lowest EC50 with an 0.20 MOI compared to Oh/04 with an 

MOI of 2.11 when cells were infected via aerosol (Fig 3.7A). When examining liquid 

inoculation, Oh/04 had an EC50 of 0.064 MOI, while Ca04 had an EC50 of 0.092 MOI 

(Fig 3.7A). We examined the AUC from the non-linear regression to further visualize the 

results. Similar to the EC50 values, Ca04 (0.51) had the largest AUC value, followed by 

Oh/04 (0.14) when cells were inoculated via aerosol (Fig 3.7B). Meanwhile, similar AUC 
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values were observed for Oh/04 (0.78) and Ca04 (0.70) when cells were inoculated via 

liquid (Fig 3.7B). A similar difference between the two viruses was observed at 72 hpi. 

Ca04 had an EC50 of 0.0068 MOI, while Oh/04 had an EC50 of 0.10 MOI at 72 hpi. 

EC50 values from liquid inoculation of Ca04 (EC50 = 0.0034 MOI) and Oh/04 (EC50 = 

0.0020 MOI) were also similar at 72 hpi. Compared to the EC50 values, Ca04 (Aerosol = 

1.74; Liquid = 1.79) had a higher AUC value than Oh/04 (Aerosol = 1.00; Liquid = 1.91) 

when cells were inoculated via aerosol, while AUC values were similar among liquid 

inoculated cells. Utilizing different parameters within the aerosol exposure chamber 

design (Table 3.1), we calculated the Caer, Ncham, and ED using the surface area of the 

transwells membranes as previously described (Table 3.2) (225). We then calculated the 

EC50 based on the ED for each run to determine the AID50. The AID50s for each run 

were averaged to give the final AID50 calculated for each virus. Results from 72 hpi 

sample collection were used to determine the AID50 since additional wells were positive 

at this time point when compared to 48 hpi. The exposure dose was similar among the 

two viruses; however, differences within the AID50 were observed (Table 3.3). The 

lowest AID50 among the two viruses was Ca04 with 1,037.1 TCID50/well, followed by 

Oh/04 at 15,085.5 TCID50/well (Table 3.3). Overall, the results demonstrate different 

aerosol infection efficiencies similar to those observed in MDCK cells between Ca04 and 

Oh/04 in differentiated BCi-NS1.1 cells. 

 

Discussion    

Within this study, we generated a calm-aerosol settling chamber system that is 

easy to assemble and cost-effective to infect a standard cell line utilized in influenza 
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research, MDCK cells, and a more relevant cell line, immortalized differentiated HAE 

cells. We demonstrate that MDCK cell monolayers and differentiated HAE cells can be 

infected via aerosol by three different subtypes of FLUAV using this exposure system. 

Similar to what was performed in a previous study by Creager et al., we measured viral 

infectivity at various MOIs at different time points. We further showed that the HA assay 

could be used as a readout for analyzing aerosol infectivity. Compared to traditional 

methods for virus titration, such as plaque assay or RT-qPCR, results of an HA assay can 

be recorded in a shorter time and are more affordable. The results from this study 

demonstrated differences among three FLUAVs, including a pH1N1, H3N2, and H9N2 

in both cell lines, suggesting that understanding aerosol infectivity in vitro in conjunction 

with in vivo studies can be used for pandemic risk assessment of influenza viruses and to 

assess the role of molecular markers involved in transmission efficiency (225). 

While a previous study described the use of an exposure chamber to examine the 

effects of a high pathogenicity avian influenza virus (HPAIV) H5N1 and a low 

pathogenicity avian influenza virus (LPAIV) H7N9, we utilized this system to examine 

the aerosol infectivity of a human pandemic H1N1 (Ca04), a swine-origin H3N2 (Oh/04), 

and avian-origin H9N2 (WF10). These viruses were chosen because of their relevance in 

FLUAV transmission, human infection, or potential for zoonosis. Ca04 H1N1 is a 

prototypical strain isolated from a pediatric patient and has been previously shown to 

transmit via respiratory droplets in ferrets (231). Within this study, the mouse-adapted 

Ca04 strain previously described to carry five amino acid substitutions was used for the 

intent of performing future in vivo exposure studies in mice (232). Oh/04 H3N2 is most 

closely related to the isolate A/Swine/WI/14094/99 (H3N2) that has been circulating in 
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pigs since 1998 and is a triple reassortment virus containing the triple-reassortant internal 

gene (TRIG) cassette (233, 234). The TRIG cassette includes a human-origin PB1, avian-

origin PA, and PB2, and a swine-origin M, NP, and NS gene segments (233, 234). The 

TRIG cassette is stable but can support different HA and neuraminidase (NA) 

combinations of viruses circulating in pigs within North America (235). Further, Oh/04 

has been previously shown to have the capability to transmit both ways between swine 

and turkeys (236). H9N2 avian influenza viruses (AIV) are zoonotic agents and gene 

donors to other influenza virus subtypes, such as H5N1/N6, H7N9, and H10N8/N3, 

resulting in human infections (13-17, 19, 20, 80, 237, 238). More specifically, a previous 

study showed efficient replication and transmission by direct contact and aerosol of 

viruses carrying the surface proteins of WF10 but the internal constellation of a pH1N1 in 

ferrets (239). Further, all three viruses replicate with high efficiency in MDCK cells. 

MDCK cells were utilized for initial testing of the aerosol exposure system because they 

are commonly used in FLUAV research and have been previously shown to support the 

replication of numerous FLUAV subtypes of different host-origins. Therefore, the 

exposure system utilized within this study can be used with MDCK cells to analyze the 

aerosol infectivity of various FLUAVs of different host-origin. 

While MDCK cells have been previously shown to support replication of Ca04, 

Oh/04, and WF10, differences in the number of positive wells via aerosol exposure and 

the AID50 were observed here. Results showed that Ca04 had the lowest AID50, 

followed by WF10 and then Oh/04. Since all three viruses replicated at the same 

efficiency via liquid inoculation, the differences in AID50 are most likely due to 

variations in aerosol infectivity; therefore, the results suggest that the aerosol exposure 
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system described within this study can be utilized to screen FLUAV strains for enhanced 

or reduced aerosol infectivity. While differences in aerosol infectivity were observed 

among the different viruses, similar viral titers and vRNA loads were collected by the 

SKC Biosampler and NIOSH biosampler. Equivalently, a previous study showed similar 

virus titers from samples collected from the NIOSH filter during aerosol exposure to 

H1N1 and H3N2 FLUAV (240). These results suggest that the generation of virus-laden 

aerosols and the stability of those aerosols during the 15 min of exposure within this 

exposure system were similar and most likely not contributing to the differences observed 

in aerosol infectivity.  

 In addition to examining the aerosol infectivity within MDCK cells, we analyzed 

aerosol and liquid inoculation of Ca04, Oh/04, and WF10 in a differentiated HAE cell 

line (BCi-NS1.1) immortalized by Walters and colleagues (226). It was previously 

demonstrated that BCi-NS1.1 retained characteristics of primary cells for over 40 

passages and demonstrated differentiation into secretory (MUC5AC, MUC5B), goblet 

(TFF3), Clara (CC10), and ciliated (DNAI1, FOXJ1) cells when cultured in ALI 

conditions (226). Further, the differentiated HAE cells can respond to external stimuli 

such as IL-13, which alters the normal differentiation process (226). Considering the cells 

can be passaged and maintained within the laboratory for more extended periods 

compared to primary cell lines, utilization of the differentiated BCi-NS1.1 cells could be 

advantageous because of the ability to plate more cells for additional replicates within an 

experiment and potentially increase homogeneity across replicate experiments by 

decreasing the variability of having primary cells from different donors. While Walters 

and colleagues cultured BCi-NS1.1 cells for 28 days, BCi-NS1.1 cells cultured in ALI 
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conditions for 17 days within this study displayed characteristics of pseudostratified 

ciliated epithelium with the presence of multiple cell types, including secretory and 

ciliated cells (226). Due to the limited information on FLUAV infection within these 

cells, we examined the distribution of both ⍺ 2,3 and ⍺ 2,6-SA receptors. Numerous 

studies have previously demonstrated that the HA from human-origin FLUAV 

preferentially binds 2,6-SA while HA from avian-origin FLUAV preferentially binds to 

2,3-SA (108). Further, 2,6-SA are prevalent on the surface of ciliated and goblet cells 

in the upper respiratory tract, while 2,3-SA are more abundant on the surface of non-

ciliated bronchoepithileum cells and type II pneumocytes in the lower respiratory tract 

(107). Immunofluorescence staining of the differentiated BCi-NS1.1 cells showed 

positivity for both receptor linkages with visually more staining of ⍺ 2,6-SA; however, 

additional quantitative analysis is needed for confirmation. Since we confirmed the 

presence of both SA receptors on the surface of the differentiated BCi-NS1.1 cells, we 

analyzed the replication kinetics of Ca04, Oh/04, and WF10 via liquid inoculation at a 

high MOI. While Ca04 and Oh/04 showed similar replication kinetics, WF10 displayed 

reduced virus replication after 24 hpi. While WF10 could bind to the differentiated BCi-

NS1.1 cells, multiple other factors, such as the polymerase complex, could contribute to 

the observed restrictive replication; however, this was not within the scope of the study.  

 Since liquid inoculation of Ca04 and Oh/04 in differentiated BCi-NS1.1 cells led 

to similar virus replication kinetics, we analyzed these two viruses via aerosol inoculation 

within the BCi-NS1.1 cells. We demonstrated that aerosol inoculation of differentiated 

HAE cells in ALI conditions was successful when using the aerosol exposure system 

described within this study. Interestingly, similar differences within the AID50 between 
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Ca04 and Oh/04 observed in MDCK cells were also detected in differentiated BCi-NS1.1 

cells. These results suggest that these differences are most likely not because of the cell 

type or inherent replication within the specific cell line but because of the disparity within 

the aerosol infectivity efficiency among the two viruses; however, additional experiments 

are needed to determine the molecular mechanism influencing the aerosol infection 

differences between the two strains observed within this study.  

Numerous groups have reported differences in pathogenesis and virus deposition 

when inoculating animal models via aerosol versus intranasal inoculation (34-36, 210, 

212, 241). Therefore, aerosol inoculation of in vitro cell culture can be valuable in 

studying molecular markers that influence the transmission efficiency of FLUAV and 

virus-cell interactions resembling natural infection in the human respiratory tract. Not 

only can this system be used to analyze infection, but it can be utilized for various other 

experiments, such as examining aerosol exposure of FLUAV vaccine strains in animal 

models to develop a vaccine with intranasal delivery. This vaccine delivery method is of 

higher interest due to the increasing fear of needles. While the aerosol exposure system 

presented within this study successfully infects different subtypes of FLUAV in two cell 

lines, it does not control for numerous environmental factors affecting aerosol viability 

and stability, which is needed for efficient aerosol transmission. Environmental factors 

such as temperature, relative humidity, and UV radiation play a crucial role in the 

survival and transmission of FLUAV aerosols by potentially affecting protein, lipid, and 

vRNA stability (80). Since the system's primary objective was to examine the aerosol 

infectivity of different viruses, direct manipulation of environmental factors was not 

needed since environmental conditions were relatively similar across experiments. In 
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addition to examining FLUAV, this system can be utilized to study other respiratory 

viruses such as SARS-CoV-2. Using an in vitro aerosol exposure system, in conjunction 

with in vivo studies, can aid in expanding the current knowledge on molecular virological 

markers that influence respiratory virus transmission that can help direct public health 

preparedness and pandemic risk assessment of circulating FLUAV strains.  
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Figure 3.1. Graphic representation of aerosol exposure system. A schematic representation of the aerosol exposure system. 

The airflow is represented by arrows starting with HEPA-filtered air (blue arrow) that is provided by a pump and Buxco Mass 

dosing controller. Virus (red arrow) was aerosolized directly into the exposure chamber using the Aeroneb nebulizer. To aid in 

controlling the relative humidity, silicone desiccating beads were placed in two containers within the exposure chamber. Two 

samplers were used in the design including the SKC Biosampler and the NIOSH biosampler. Virus laden aerosols were 

collected from one output port into the SKC Biosampler, followed by a liquid trap and then HEPA filter before entering the 

SKC pump. In a second output port, tubes connected to the NIOSH are connected to a liquid trap and then HEPA filter before 

entering the SKC pump. Each experiment consisted of a 15 min of exposure followed by a 5 min purge prior to removing the 

cells from the exposure chamber. Cells were placed in the same orientation and location for each exposure. (B) Setup of the 

NIOSH sampler inside the exposure chamber and silica beads used for minimal control of relative humidity.  
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Figure 3.2. Hemagglutination (HA) assay titration of Ca04, Oh/04, and WF10 FLUAV post 

aerosol and liquid inoculation in MDCK cells. MDCK cells were inoculated via aerosol (AR; 

circles) or liquid (LI; triangles) of ten-fold dilutions from 1 MOI of (A) Ca04 (H1N1), (B) Oh/04 

(H3N2), and (C) WF10 (H9N2). Cell culture supernatant was collected at 0-, 12-, 24- , 48-, and 

72-hours post inoculation. The first two time points (0 and 12 hpi) resulted in HAU below the 

limit of detection and are therefore not shown. Each point represents that HAU from 1 well. 

Numbers above the points represent the number of wells considered positive / total number of 

wells. Wells with HAU > 2 were considered positive. Viruses are distinguished by difference in 

color (Ca04: orange, Oh/04: blue, WF10: green). 
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Figure 3.3. Graphical representation of the non-linear regression model from FLUAV exposure in MDCK cells and 

viral titers collected from biosamplers implemented with the aerosol exposure system. (A) The proportion of wells with 

HAU greater than 2 and their respective dilution factor were graphed in a non-linear regression model to calculate the half 

maximal effective concentration (EC50). The EC50 are displayed in text. Solid lines indicate aerosol exposure while dashed 

lines represent liquid inoculation. Viruses are distinguished by difference in color (Ca04: orange, Oh/04: blue, WF10: green). 

(B) The area under the curve (AUC) from the non-linear regression displayed in A is represented in a bar graph. (C) Infectious 

virus (bars; left axis) titration by TCID50 and vRNA loads (points; right axis) quantification by RT-qPCR was performed on 

the inoculum and samples collected from the SKC Biosampler. vRNA loads are conveyed as log10 TCID50 equivalent 

(TCID50eq) per mL. (D) vRNA load quantification from samples collected from each stage of the NIOSH biosampler 

displayed as as log10 TCID50 equivalent per mL. Viruses are distinguished by difference in color (Ca04: orange, Oh/04: blue, 

WF10: green). AR = aerosol; LI = liquid. Statistical analysis was performed using a two-way ANOVA with Tukey correction. 
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Figure 3.4. Characterization of differentiated BCi-NS1.1 cells. BCi-NS1.1 cells were 

cultured under air-liquid interface (ALI) conditions for 17 days. (A) Paraffin-embedded 

cross sections embedded in paraffin of BCi-NS1.1 cells prior to ALI conditions (left) and 

after 17 days in ALI (right) with H&E staining. Images were captured at 40X 

magnification. (B) Paraffin-embedded cross sections of ALI cultured BCi-NS1.1 cells 

stained by immunofluorescence with KRT5 (basal cell marker; green), DAPI (cell nuceli; 

blue), and β-tubulin I and II (ciliated cell marker; red). Images were captured using Nikon 

confocal microscope with NIS Elements software at 40X (left) and 60X (right). (C) ALI 

cultured BCi-NS1.1 cells were fixed with 4% paraformaldehyde and stained for β-tubulin 

I and II (ciliated cell marker; red), CC16 (club cell marker; red), MUC5AC (mucin 

makrer), TFF3 (goblet cell marker), actin (green), and DAPI (cell nuclei; blue). Each 

panel with separate staining from the same column was merged in the last row. Images 

were captured using Nikon confocal microscope with NIS Elements software at 60X. 
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Figure 3.5. Characterization of FLUAV cell receptors, replication and and binding in differentiated BCi-NS1.1 cells. 

(A) ALI cultured BCi-NS1.1 cells were fixed with 4% paraformaldehyde and stained for ⍺ 2,3- (red) and ⍺ 2,6- (green) sialic 

acids (SA) distribution. Images were captured using Nikon confocal microscope with NIS Elements software at 60X. A 3D 

construction of the cell distribution with DAPI (cell nuclei; blue) staining was generated using NIS Elements software. (B) 

ALI cultured BCi-NS1.1 cells were infected with 1 MOI of each virus. Samples were collected from the apical part of the 

tranwell at 0-, 12-, 24-, 48-, and 72 hours post inoculation. The samples were then titrated by TCID50. Viruses are 

distinguished by difference in color (Ca04: orange, Oh/04: blue, WF10: green). (C) Virus binding of Ca04 and WF10 was 

assessed in MDCK and differentiated BCi-NS1.1 cells. Binding was performed by inoculating each cell line with 100 MOI of 

virus followed by an incubation at 4C for 30 min. Cells were then washed and fixed in 4% paraformaldehyde. Cells were 

stained via immunofluorescence for ⍺ 2,3-SA (red),  ⍺ 2,6-SA (green), DAPI, and virus HA (purple).  
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Figure 3.6. Hemagglutination (HA) assay titration of Ca04, and Oh/04 FLUAV post 

aerosol and liquid inoculation in differentiated BCi-NS1.1 cells. Differentiated BCi-

NS1.1 cells were inoculated via aerosol (AR; circles) or liquid (LI; triangles) of ten-fold 

dilutions from 1 MOI of (A) Ca04 (H1N1) or (B) Oh/04 (H3N2). Cell culture supernatant 

was collected at 0-, 12-, 24- , 48-, and 72-hours post inoculation. The first two three 

points (0-, 12-, and 24-hpi) resulted in HAU below the limit of detection and are 

therefore not shown. Each point represents that HAU from 1 well. Numbers above the 

points represent the number of wells considered positive / total number of wells. Wells 

with HAU > 2 were considered positive. Viruses are distinguished by difference in color 

(Ca04: orange and Oh/04: blue). AR = aerosol; LI = liquid. 
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Figure 3.7. Graphical representation of the non-linear regression model from 

differentiated BCi-NS1.1 cells infected with liquid or aerosolized FLUAV. At (A) 48 

hours post inoculation (hpi) or (C) 72 hpi, the proportion of wells with HAU greater than 

2 and their respective dilution factor were graphed in a non-linear regression model to 

calculate the half maximal effective concentration (EC50). The EC50 are displayed in 

text. Solid lines indicate aerosol exposure while dashed lines represent liquid inoculation. 

Viruses are distinguished by difference in color (Ca04: orange and Oh/04: blue). The area 

under the curve (AUC) from the non-linear regression for (A) 48 hpi or (B) 72 hpi is 

represented in a bar graph. AR = aerosol; LI = liquid. 
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Table 3.1. Aerosol exposure system parameters used for the calculation of different of 

total virus in aerosol (Caer), total virus passing through the chamber during an exposure 

(Ncham), and the exposure dose per well (ED). The flow rate of HEPA filtered air entering 

the exposure chamber was a total of 16 L/min while the flow rate for the SKC 

Biosampler was 12.5 L/min and the NIOSH biosampler was 3.5 L/min adding to a total 

16 L/min. Since the input and output were the same, this coefficient was not used in the 

calculations. 

 

Parameters Coefficient Units 

Determining Exposure Dose 

Inoculum Volume (Vsamp) 6 mL 

Flow rate of nebulizer (Qsamp) 0.1 mL/min 

Time (t) 15 min 

Flow rate of chamber (input = output so this coefficient was not used)* 

Surface area of well in 6 well plate (SA6well) 9.6 cm2 

Surface area of 1 transwell (12 well plate) (SATranswell) 1.1 cm2 

Cross sectional area of exposure chamber (XA) 16,710.4 cm2 

Normalizing SKC BioSampler Concentrations  

Sampler Volume (Vsamp) 10 mL 

Flow rate of Sampler (Qsamp) 12.5 L/min 

Time (t) 15 min 

Normalizing NIOSH ( > 4 µM) 

Sampler Volume (Vsamp) 4 mL 

Flow rate of Sampler (Qsamp) 3.5 L/min 

Time (t) 15 min 

Normalizing NIOSH (1-4 µM) 

Sampler Volume (Vsamp) 1.5 mL 

Flow rate of Sampler (Qsamp) 3.5 L/min 

Time (t) 15 min 

Normalizing NIOSH (< 1 µM) 

Sampler Volume (Vsamp) 4 mL 

Flow rate of Sampler (Qsamp) 3.5 L/min 

Time (t) 15 min 
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Table 3.2. Total virus in aerosol, total virus passing through the chamber during an 

exposure, exposure dose per well, and aerosol infectious dose 50 calculation for each 

virus exposed via aerosol in MDCK cells. 

 
Dilution from MOI 1 

10-2 10-3 10-4 10-5 10-6 

C
a
0

4
 (

H
1

N
1

) 

Inoc 1 (TCID50/mL) 11,000.0 1,100.0 110.0 11.0 1.1 

# of positive wells / total wells 1 6/6 6/6 3/6 0/6 0/6 

Total virus in aerosol (Caer
1 ) 44,000.0 4,400.0 440.0 44.0 4.4 

Total virus through chamber (Ncham 
1) 660,000.0 66,000.0 6,600.0 660.0 66.0 

Exposure dose (ED 1) 3,793.1 379.3 37.9 3.8 0.4 

AID50 = 37.9 TCID50/well 

Inoc 2 (TCID50/mL) 12,400.0 1,240.0 124.0 12.4 1.2 

# of positive wells / total wells 2 6/6 5/6 1/6 0/6 0/6 

Total virus in aerosol (Caer 
2) 49,600.0 4,960.0 496.0 49.6 5.0 

Total virus through chamber (Ncham 
2) 744,000.0 74,400.0 7,440.0 744.0 74.4 

Exposure dose (ED 2) 4,275.9 427.6 42.8 4.3 0.4 

AID50 = 138.3 TCID50/well - Average AID50 = 88.1 TCID50/well 

O
h

/0
4
 (

H
3
N

2
) 

Inoc 1 (TCID50/mL) 12,200.0 1,220.0 122.0 12.2 1.2 

# of positive wells / total wells 1 6/6 1/6 2/6 0/6 0/6 

Total virus in aerosol (Caer
1 ) 48,800.0 4,880.0 488.0 48.8 4.9 

Total virus through chamber (Ncham 
1) 732,000.0 73,200.0 7,320.0 732.0 73.2 

Exposure dose (ED 1) 4,206.9 420.7 42.1 4.2 0.4 

AID50 = 866.6 TCID50/well 

Inoc 2 (TCID50/mL) 12,400.0 1,240.0 124.0 12.4 1.2 

# of positive wells / total wells 2 6/6 1/6 0/6 0/6 0/6 

Total virus in aerosol (Caer 
2) 49,600.0 4,960.0 496.0 49.6 5.0 

Total virus through chamber (Ncham 
2) 744,000.0 74,400.0 7,440.0 744.0 74.4 

Exposure dose (ED 2) 4,275.9 427.6 42.8 4.3 0.4 

AID50 = 1,018.0 TCID50/well - Average = 942.3 TCID50/well 

W
F

1
0

 (
H

9
N

2
) 

Inoc 1 (TCID50/mL) 12,400.0 1,240.0 124.0 12.4 1.2 

# of positive wells / total wells 1 6/6 4/6 0/6 0/6 0/6 

Total virus in aerosol (Caer
1 ) 49,600.0 4,960.0 496.0 49.6 5.0 

Total virus through chamber (Ncham 
1) 744,000.0 74,400.0 7,440.0 744.0 74.4 

Exposure dose (ED 1) 4,275.9 427.6 42.8 4.3 0.4 

AID50 = 275.8 TCID50/well 

Inoc 2 (TCID50/mL) 19,600.0 1,960.0 196.0 19.6 2.0 

# of positive wells / total wells 2 6/6 4/6 1/6 0/6 0/6 

Total virus in aerosol (Caer 
2) 78,400 7,840.0 784.0 78.4 7.8 

Total virus through chamber (Ncham 
2) 1,176,000.0 117,600.0 11,760.0 1,176.0 117.6 

Exposure dose (ED 2) 6,758.6 675.9 67.6 6.8 0.7 

AID50 = 340.9 TCID50/well - Average = 308.3 TCID50/well 
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Table 3.3. Total virus in aerosol, total virus passing through the chamber during an 

exposure, exposure dose per well, and aerosol infectious dose 50 calculation for each 

virus exposed via aerosol in differentiated BCi-NS1.1 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
MOI 

1 0.1 0.01 

C
a
0

4
 (

H
1

N
1

) 

Inoc 1 (TCID50/mL) 3,710,000.0 371,000.0 37,100.0 
# of positive wells / total wells 1 6/6 6/6 4/6 

Total virus in aerosol (Caer
1) 14,840,000.0 1,484,000.0 148,400.0 

Total virus through chamber (Ncham 
1) 222,600,000.0 22,260,000.0 2,226,000.0 

Exposure dose (ED 1) 146,587.6 14,658.8 1,465.9 

AID50 = 723.2 TCID50/well 

Inoc 2 (TCID50/mL) 3,710,000.0 371,000.0 37,100.0 
# of positive wells / total wells 2 5/6 6/6 3/6 

Total virus in aerosol (Caer 
2) 14,840,000.0 1,484,000.0 148,400.0 

Total virus through chamber (Ncham 
2) 222,600,000.0 22,260,000.0 2,226,000.0 

Exposure dose (ED 2) 146,587.6 14,658.8 1,465.9 

AID50 = 1,351.0 TCID50/well - Average AID50 = 1,037.1 TCID50/well 

O
h

/0
4
 (

H
3
N

2
) 

Inoc 1 (TCID50/mL) 3,410,000.0 341,000.0 34,100.0 
# of positive wells / total wells 1 6/6 2/6 0/6 

Total virus in aerosol (Caer
1) 13,640,000.0 1,364,000.0 136,400.0 

Total virus through chamber (Ncham 
1) 204,600,000.0 20,460,000.0 2,046,000.0 

Exposure dose (ED 1) 134,734.2 13,473.4 1,347.3 

AID50 = 21,506 TCID50/well 

Inoc 2 (TCID50/mL) 3,410,000.0 341,000.0 34,100.0 
# of positive wells / total wells 2 6/6 4/6 0/6 

Total virus in aerosol (Caer 
2) 13,640,000.0 1,364,000.0 136,400.0 

Total virus through chamber (Ncham 
2) 204,600,000.0 20,460,000.0 2,046,000.0 

Exposure dose (ED 2) 134,734.2 13,473.4 1,347.3 

AID50 = 8,665 TCID50/well - Average AID50 = 15,085.5 TCID50/well 



 

87 

 

Acknowledgements 

This study was supported by was supported by a subcontract from the Center for 

Research on Influenza Pathogenesis (CRIP) to DRP under contract 

HHSN272201400008C from the National Institute of Allergy and Infectious Diseases 

(NIAID) Centers for Influenza Research and Surveillance (CEIRS) and the Caswell S. 

Edison endowment fund, University of Georgia. 

  



 

88 

 

 

 

CHAPTER 4 

THE EFFECT OF BACITRACIN METHYLENE DISALICYLATE-SUPPLEMENTED 

FEED ON AVIAN INFLUENZA VIRUS SHEDDING, BODY WEIGHT GAIN, AND 

THE OROPHARYNGEAL AND CLOACAL MICROBIOME IN BROILER 

CHICKENS 
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Abstract 

 

Outbreaks of avian influenza virus (AIV) can have detrimental effects on poultry 

flocks resulting in mortality and indirect costs because of eradication efforts, control, and 

loss of markets. The role of the microbiota in essential physiological processes and 

disease progression has expanded recently. While it has been shown that the intestinal 

microbiota affects AIV infection, it is not well-known how altering the intestinal 

microbiota will affect AIV replication and shedding. Extensive literature reports 

indicated that various antibiotic growth promoters (AGPs) change the composition and 

diversity of the microbiota at different parts of the avian intestinal tract. While the 

literature is rich in the relationship between AGPs and the intestinal microbiota, little is 

known about the effect of AGP-induced microbiota changes on AIV shedding. Therefore, 

we explored the potential impact of a widely used AGP (Bacitracin methylene 

disalicylate (BMD)) on AIV shedding and weight gain in broiler chickens. Results 

showed limited differences in virus shedding among the groups with and without BMD 

supplementation. Further, changes within the taxonomic abundance in the oropharyngeal 

and cloacal microbiota were observed. Understanding the relationship between AGP-

induced microbiota changes and AIV infection will further increase our comprehension 

of the microbiota's impact on AIV infection in poultry. 
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Introduction 

Outbreaks of avian influenza virus (AIV) can have extensive detrimental effects 

on poultry flocks resulting in direct costs due to mortality and indirect costs because of 

eradication efforts, control, and loss of markets (3). The natural hosts of influenza A 

viruses (FLUAV) are wild aquatic birds; however, sporadic spillover into domestic 

poultry species may cause severe disease (10). Spillover has been previously reported for 

some H5Nx, H7Nx, and H9N2 AIV viruses (10, 22-24). While the pathotype of AIV of 

the H5 and H7 subtypes have been associated with high pathogenicity avian influenza 

viruses (HPAIV), H9N2 AIV is the most prevalent low pathogenicity avian influenza 

viruses (LPAIVs) and is widespread around the world in waterfowl, shorebirds, and 

numerous species of domestic poultry (10, 13, 242). Although infection with H9N2 AIV 

can be mild, clinical signs in chickens are associated with a drop in water and food 

intake, lower egg production, reduced eggshell quality, and deterioration of the eggshell 

leading to significant economic losses (10, 13, 243, 244). Further, H9N2 infections in 

chickens can increase susceptibility to secondary infections such as Salmonella enteritidis 

and Chlamydia psittaci (245, 246). Common respiratory signs associated with mild cases 

of H9N2 infections in chickens include swelling of the sinuses and discharge of the eyes, 

nares, and mouth; conversely, birds with severe cases develop dyspnea and have 

difficulty breathing (13, 243). H9N2 AIV is prevalent in poultry throughout Asia, the 

Middle East, and North Africa but is also a cause of concern to human health as H9N2 

AIV are zoonotic agents and gene donors to other influenza virus subtypes (238, 247, 

248). H9N2 AIV has contributed internal gene segments to zoonotic strains such as 

H5N1/N6, H7N9, and H10N8/N3, which resulted in human infections (16, 17). Further, 
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H9N2 AIV has been reported in multiple mammalian species, such as dogs, mink, swine, 

and horses (10, 14, 15, 19, 249). Generally, H9N2 AIV infections in humans present mild 

influenza-like symptoms such as coughing, fever, nasal discharge, sore throat, and 

headache (13, 14). Recently, a 30-year-old female was found positive for H9N2 AIV in 

China, potentially caused by the transfer of fomites from a nearby live poultry market 

(250). Therefore, investigating different host factors that affect AIV H9N2 shedding in 

domestic poultry is paramount in AIV disease control.  

Multiple factors have been shown to affect the spread and infectivity of FLUAV, 

including the host residential microbiome. As the availability of non-culture techniques to 

study microbiome interactions increase, knowledge on the role of the microbiota in 

essential physiological processes and disease progression has significantly expanded. 

Multiple studies in human and animal models, including mice, ferrets, and pigs, have 

reported that the respiratory and intestinal microbiome changes during FLUAV infection, 

most notably enrichment of opportunistic pathogens such as Staphylococcus (144, 145, 

148, 154). Changes in the intestinal microbial composition were also shown to affect the 

host interaction with FLUAV; for example, studies in mice demonstrated that antibiotic-

induced depletion of the gut microbiota composition resulted in increased susceptibility 

to FLUAV infection and mortality (174, 251). A shift in the fecal microbiome has also 

been observed in chickens infected with H9N2 AIV, particularly an increase in 

Proteobacteria phylum and genera Vampirovibrio, Pseudoflavonifractor, Ruminococcus, 

Clostridium cluster XIVb and Isobaculum (180). The notable role of the intestinal 

microbiota during AIV infection in chickens has been further demonstrated in a previous 

study that showed increased virus shedding and compromised immune responses in 
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chickens administered antibiotics for microbiome depletion compared to non-depleted 

controls; additionally, the adverse effects of AIV infection in antibiotic-treated chickens 

were reversed by treatment with probiotics (Lactobacillus spp.) or a fecal microbial 

transplant (FMT), restoring immune responses during AIV infection (180, 252). Chickens 

with a depleted microbiome also had significantly down-regulated type I interferon 

responses in the respiratory and intestinal tissues but significantly higher antibody titers 

and IgG levels in the serum (180). In a follow-up study, chickens that received antibiotics 

for 16 days for microbial depletion had higher cloacal virus shedding and reduced type I 

interferon and IL-22 expression, while antibiotic-depleted chickens with probiotics or 

fecal microbial transplant showed reduced virus shedding and restored IL-22 expression 

(181). Altogether, the residential gut microbes can modulate the innate and adaptive 

immune response and affect virus shedding during H9N2 AIV infection in chickens. 

While previous studies showed that the intestinal microbiota affects FLUAV 

infection, it is not understood how altering the intestinal microbiota before infection will 

affect viral replication and shedding. Multiple environmental factors can induce changes 

in the intestinal microbiome, such as diet, which can also be manipulated to induce these 

changes. Antibiotic growth promoters (AGPs) are antimicrobials administered at low, 

sub-therapeutic doses in animal feed to increase production in agricultural species, 

primarily in poultry (211, 253). Various AGPs change the composition and diversity of 

the microbiota in different parts of the avian intestinal tract, leading to an increase or 

decrease in specific bacterial species (211, 253-260). Crisol-Martinez et al. showed that 

zinc bacitracin increased the microbial diversity in the cecum with large shifts, primarily 

in Lactobacillus species (257). Alternately, enramycin was associated with decreased 
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diversity, and Virginiamycin was associated with the enrichment of Faecalibacterium and 

Lactobacillus spp. (253). While the mechanisms of AGPs are not fully understood, they 

have been used for several decades to promote faster growth and feed conversion rates, 

increase disease resistance, and reduce mortality (211, 257). However, there has been 

recent pressure to discontinue AGPs because of the concern for the emergence of 

antimicrobial resistance (261). The European Union prohibited antibiotics for growth in 

2006, and the FDA implemented a program to eliminate the use of all medically 

important antimicrobials for production purposes since 2017 (http://eur-

lex.europa.eu/en/index.htm) (262). However, AGPs are continuously used in other 

countries because they provide the greatest feed conversion ratio and contain preventative 

properties against specific poultry diseases (253, 257).  

Although AGP-induced changes in the intestinal microbiome have been 

previously associated with growth and protection against enteric pathogens, it is currently 

unknown if these changes could affect the susceptibility to a respiratory pathogen, such 

as AIV. Therefore, we used Bacitracin methylene disalicylate (BMD) to analyze the 

effect of AGP administration on virus shedding, growth performance, and the respiratory 

and intestinal microbiome composition post H9N2 AIV infection in broiler chickens. The 

results show limited differences in virus shedding among the groups with and without 

BMD supplementation. Analysis of residential microbiota showed the most notable 

changes within the oropharyngeal (OP) microbiota compared to the cloaca (CL) and 

feces. Within the OP, AIV infection with BMD supplementation more heavily impacted 

the microbial diversity than without BMD supplementation; however, AIV infection was 

the primary factor influencing OP microbial dysbiosis. Meanwhile, taxonomic 
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differences were observed among the different groups within the CL during peak virus 

infection. On the other hand, limited differences were observed with the fecal microbiota 

compared to the OP and CL microbial diversity and composition.  

 

Materials and Methods 

Ethics Statement 

Animal studies were conducted and approved by the Institutional Animal Care 

and Use Committee (IACUC) at the University of Georgia (Protocol A2019 03-032-Y2-

A9). The infection study was conducted under animal biosafety level (ABSL) 2 

conditions at the Poultry Diagnostic and Research Center (PDRC). 

 

Cells and virus  

Virus stocks of A/Guinea fowl/Hong Kong/WF10/99 (WF10, H9N2) were 

generated in 10-day-old specific pathogen-free (SPF) embryonated chicken eggs. Madin-

Darby canine kidney (MDCK) cells, a kind gift from Robert Webster (St. Jude Children's 

Research Hospital, Memphis, TN, USA), were used for AIV titration. Virus stocks were 

titrated by tissue culture infectious dose 50 (TCID50), and virus titers were established by 

the Reed and Muench method (227). Cells were maintained in Dulbecco’s Modified 

Eagles Medium (DMEM, Sigma-Aldrich, St Louis, MO, USA) containing 10% fetal 

bovine serum (FBS), Sigma-Aldrich, St. Louis, MO, USA), 1% antibiotic/antimycotic 

(AB, Sigma-Aldrich, ST Louis, MO, USA) and 1% L-Glutamine (Sigma-Aldrich, St 

Louis, MO, USA). Cells were cultured at 37°C under 5% CO2. 
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Chickens 

One-day-old Ross/Ross 708 broiler chickens were allocated into isolators (n = 6 

chicks/isolator). Isolators were randomly assigned into two groups with four repetitions 

per treatment: control (no AGP) and Bacitracin Methylene Disalicylate (BMD, 50g/ton, 

Zoetis, NJ, USA). All animals received a standard all-grain diet (Start N-Grow (FB), 

Southern States, GA, USA) from 1 to 26 days of age with or without supplemented 

BMD. Antibiotic growth promoters were given to the chickens throughout the study 

starting at 1 day of age. Weight gain was recorded at 1, 5, 8, 12, 15, 19, 22, and 26 days 

of age. At 5 days of age, serum samples from sixteen chicks were collected to determine 

if the chicks had previous exposure to FLUAV by ELISA against the nucleoprotein (NP) 

(IDEXX, Westbrook, ME, USA). At 8 days of age, chicks from the control (no BMD) 

isolators were inoculated with 500 µL (100 µL in each eye, 2 drops in each nare, 2 drops 

in the trachea, and orally) of phosphate buffer solution (PBS) (n = 12 chicks/isolators, 2 

isolators total, Mock group) or 1 x 106 TCID50 of WF10 (n = 12 chicks/isolators, 2 

isolators total, AIV group). Similar to the control group, isolators given BMD were also 

inoculated with PBS (n = 12 chicks/isolators, 2 isolators total, Mock-BMD group) or 1 x 

106 TCID50 of WF10 (n = 12 chicks/isolators, 2 isolators total, AIV-BMD group). 

Chickens were monitored daily for 21 days post-infection (dpi). Oropharyngeal (OP) and 

cloacal (CL) swabs were collected at 1, 3, 5, 7, 14, and 21 dpi to analyze virus shedding 

and the residential microbiome composition. Swabs collected for virus shedding were 

collected in 1 mL of Brain heart infusion (BHI) broth containing Gentamicin solution 

(50mg/mL, Sigma-Aldrich, MO, USA) and frozen immediately at -80°C. Swabs collected 

for microbiome analysis were frozen immediately at -80°C. Terminal bleeding was 
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performed at the end of the experimental study at 21 dpi, and sera were analyzed for 

antibody titers by hemagglutination inhibition (HI) assay as described below. 

 

Virus Shedding  

RNA was extracted from the swabs and virus stock using the MagMax-96 AI/ND 

viral RNA isolation kit (ThermoFisher Scientific, MA, USA) following the 

manufacturer's protocol. The amount of virus RNA was determined by one-step real-time 

quantitative PCR (RT-qPCR) using primers M+25 

(AGATGAGTCTTCTAACCGAGGTCG) and M-124 

(TGCAAAAACATCTTCAAGTCTCTG) targeting the Nucleoprotein. A probe with 

FAM as a reporter and TAMRA as a quencher was used (56-FAM/TCA GGC CCC CTC 

AAA GCC GA/36-TAMSp). The RT-qPCR was performed using a Quantabio qScript 

XLT One-Step RT-qPCR ToughMix kit (Quantabio, MA, USA) in a 20 µL final reaction 

volume on the QuantStudio 3 Real-Time PCR System (ThermoFisher Scientific, MA, 

USA). Each reaction contained 1X master mix, 0.5 µM of each primer, 0.3 µM probe, 

and 5 µL of RNA. The qPCR cycling conditions were 50°C, 20 min; 95°C, 1 min, 40 

cycles at 95°C, 1 min; 60°C, 1 min; and 72°C 1s; with a final cooling step at 4°C. A 

standard curve was generated using a 10-fold serial dilution of the WF10 virus stock of 

known titer to correlate RT-qPCR crossing point (Cp) values with the viral load from the 

swabs. RNA virus loads were calculated as Log10 TCID50 equivalents/mL (263). 

Infectious virus shedding was determined by tissue culture infectious dose 50 (TCID50) 

using the Reed and Muench method (227). Infectious virus shedding and viral RNA loads 

were plotted using Prism v9.4.1 (GraphPad Software, CA, USA). 
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Hemagglutination Inhibition (HI) Assay 

Whole blood was collected and then centrifuged at 1000 x g for 15 min at room 

temperature. Sera was then collected and stored at -80°C until further processing. Sera 

was pre-absorbed with a 10% suspension of chicken red blood cells (chRBC), 

specifically 50 µL of serum was mixed with 100 µL of 1X PBS and 50 µL of 10% 

chRBC and incubated at room temperature for 30 min. During the incubation, the 

samples were mixed every 10 min. Following, erythrocytes were allowed to settle down 

at 4°C for 2 h. The treated sera were then collected and brought to a final dilution of 1:10. 

The HI assay was performed using four hemagglutination units (HAU) of viral antigen 

per 25 µL as previously described (264). Succinctly, two-fold serial dilutions were 

prepared by mixing 25 µL of the 10-fold diluted sera with 25 µL of 1X PBS in a V-

bottomed microtiter plate. Following, 4 HAU (in 25 µL) of WF10 was added to each sera 

dilution and incubated for 15 min at room temperature. Next, 50 µL of 0.5% suspension 

of chRBC was added to the mix and incubated for 45 min at room temperature. The HI 

titer for each sample was interpreted as the highest dilution that showed complete 

hemagglutination inhibition. The HI titers were expressed as dilution values and plotted 

using Prism v9.4.1. 

 

DNA extraction 

DNA was extracted from the OP and CL swabs by using the MoBio Power Soil 

kit (Qiagen, Gaithersburg, MD) with minor changes according to the earth microbiome 

protocol as follows: additional incubation at 65 °C for 10 min after the addition of 

solution C1, beads were shaken at 20Hz for 20 min instead of 10 min, and samples were 
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incubated at 4°C for 10 min instead of 5 min and then stored at -80°C until further 

processing. 

 

Amplicon library preparation and sequencing 

The V4 hypervariable region of the 16S rRNA gene was amplified using Phusion 

Hot Start 2 DNA polymerase (Thermo Fisher, Waltham, MA) using primers 515F (59-

GTGCCAGCMGCCGCGGTAA-39) and 806R (59-GGACTACHVGGGTWTCTAAT-

39) in 20 µl PCR reaction (8.9 µl of molecular-grade water, 4 µl of 5X HF buffer, 0.4 µl 

of 10mM deoxynucleoside triphosphates [dNTPs], 1.25 µl of 10 mM 515F, 1.25 µl of 10 

mM 806R, 4 µl of DNA, and 0.2 µl of polymerase) under the following conditions: 98°C 

(30 s), followed by 25 cycles of 98°C (10 s), 52°C (30 s), and 72°C (30 s), a final 

elongation step at 72°C (5 min), and held at 4°C. The PCRs were performed in duplicates 

and then visualized on a 1% agarose gel. Duplicate PCR products of the same sample 

were pooled in equal volumes, cleaned by 0.45X Agencourt AMPure XP magnetic beads 

(Beckman Coulter, CA, USA) according to the manufacturer’s protocol, and eluted in 

molecular biology grade water (Genesee Scientific, CA, USA). Amplicon concentration 

was measured using the Qubit dsDNA HS assay kit (Thermo Fisher) on a Qubit 3.0 

fluorometer (Thermo Fisher). DNA concentrations were normalized to 1.0 ng/ml. 

Subsequently, amplified DNA was used in a secondary amplification/dual barcode 

annealing reaction. Forward and reverse dual barcode primers (primers and barcodes with 

different reference indexes) were designed based on primers by Caporaso et al. (265). 

Secondary amplification reactions were performed using NEBNext high-fidelity 2X PCR 

master mix (NEB) in 50 µl reactions (26 µl of 2X mix, 20.5 µl of water, 2.5 µl of 
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barcoded forward and reverse primers [10mM], 1 µl of DNA) under the following 

conditions: 98°C (30 s), followed by four cycles of 98°C (10 s), 52°C (10 s), and 72°C 

(10 s), followed by 6 cycles of 98°C (10 s) and 72°C (1 min), followed by a final 

extension of 72°C  (2 min) and then held at 4°C. According to the manufacturer's 

protocol, samples were subsequently cleaned by 0.45X of Agencourt AMPure XP 

magnetic beads and eluted in molecular biology-grade water. Fragment size distribution 

was analyzed on a subset of samples using the Agilent Bioanalyzer 2100 DNA-HS assay 

(Agilent, Santa Clara, CA, USA). Sample libraries were then normalized and pooled to a 

concentration of 2 nM based on a predicted total product size of 420 base pair (bp) using 

the Qubit dsDNA HS assay kit on the Qubit 3.0 fluorometer. The loading concentration 

of the pooled libraries was 8 pM. Libraries were sequenced using Illumina MiSeq V2 

chemistry (Illumina, San Diego, CA), 2 by 250 paired-end. Negative controls, including 

DNA extraction and PCR blank, were included in each sequencing run (7 runs total). 

 

Data analysis 

Primer removal and demultiplexing were performed using Illumina BaseSpace 

using default settings. Initial sequencing analysis was performed using open-source 

software QIIME 2 (v.2020.11) (223). Each sequencing batch was processed separately 

until chimera removal. For each batch, the quality of the raw paired-end reads was 

visualized and then used to determine the appropriate truncation of read 1 (R1) by 14 bp 

(left) and 188 bp (right) while read 2 (R2) by 40 bp (left) and 129 (right). Trimming, 

denoising, merging, and chimera removal were performed using Dada2 with the function 

dada2 denoise-paired (266). Taxonomy was assigned using the function feature-
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classifier classify-sklearn in Qiime2 using a pre-trained classifier from the Silva v.38 

database specific for the 515F/806R region (267, 268). A count table and taxonomy file 

used for downstream analysis were created from .qza files using RStudio (version 

2022.07.2) package ‘qiime2R’ (269, 270). The OP swabs generated 9,829,906 reads, 

averaging 58,862 reads / sample. For the CL swabs, a total of 10,111,040 reads with an 

average of 60,545 reads / sample, while for feces, a total of 2,039,360 reads with an 

average of 36,417 reads / sample were generated. Samples were then filtered to remove 

amplicon sequence variants (ASV) with non-classified phylum or classified as 

Chloroplast or Mitochondria using the package ‘phyloseq’ (version 1.38.0) (271). 

Further, ASV found in less than 1% of samples were removed to avoid potential 

contaminants in diversity estimates. Post-filtering, an average of 43,715 reads/sample 

were generated for OP swab samples, 59,248 reads/sample for CL samples, and 33,882 

reads/sample for fecal samples (Fig 4.1A). 

 

Bioinformatic Analysis 

Alpha diversity, examined by the observed number of ASV and Shannon 

diversity, was calculated using rarified counts using phyloseq. Briefly, all samples were 

rarified to 19,111 reads using the command rrarefy in the vegan package (version 2.6.4) 

(272). Rarefaction plots were generated using phyloseq.extended package (version 

0.1.1.6) and edited using ggplot2 package (version 3.3.6) and edited using ggplot2 

package (version 3.3.5) (273). Rarefaction curves showed a similar number of observed 

species among the reads, suggesting adequate coverage (Figs 4.1B-D). The rarified 

counts were imported into phyloseq, and diversity indexes were calculated using 
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command estimate richness. Results were graphed using the ggpubr package (version 

0.4.0) (274). Statistical comparison across groups was performed using the Kruskal-

Wallis, while the Wilcox rank test with Bonferroni correction was used for pair-wise 

comparisons. 

Regarding beta diversity, a non-metric multidimensional scaling (NMDS) plot 

showing unweighted Jaccard and weighted Bray-Curtis dissimilarity metrics were 

calculated with 3 dimensions, a maximum of 500 random starts, and 999 maximum 

iterations using the rarified count data. NMDS plots and ellipses based upon the standard 

deviation were illustrated using ordiellipse from the vegan package. Multivariate 

statistics analysis, permutational multivariate analysis of variance (PERMANOVA), was 

calculated using beta diversity distances with 999 permutations using vegan adonis2 

assessing the marginal effects of the terms. 

Relative abundances at the phylum and lowest classified level were generated 

using package phyloseq. For the phylum taxonomic barplot, ASVs were agglomerated to 

the phylum level and then transformed into relative abundances using phyloseq. Taxa 

with an overall prevalence of less than 1% were grouped. For the taxonomic barplot 

incorporating the lowest classification, relative abundances were calculated using 

phyloseq, and taxa with an overall prevalence of less than 1% were grouped. The final 

plots were combined using Prism (v 9.1.0). 

Differential analysis among groups of taxa at the genus level was performed using 

linear discriminant analysis effect size (LEfSe) (275). ASVs in less than 20% of samples 

with a total abundance of fewer than 10 reads were removed for all differential analyses. 

Rarified counts were inputted, and a p-value < 0.05 was considered significant. 
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Graphs/Statistical analyses  

Statistical analysis, including two-way ANOVA and generation of graphs/figures, 

was performed using GraphPad Prism software version 9.3 (GraphPad Software Inc., San 

Diego, CA).  A p-value < 0.05 was considered significant. Graphs were also edited using 

PDF Expert (Readdle Inc, Odesa, Ukraine) and Affinity Photo (Serif, West Bridgford, 

United Kingdom). 

 

Results 

The administration of BMD post-AIV H9N2 infection led to increased weight gain  

At the start of the experiment, one-day-old broiler chickens were divided into two 

groups: 50% of the chickens were fed a recommended standard start-n-grow diet, while 

the other 50% of chickens were fed the standard diet with supplemented BMD (50 g/ton) 

(Fig 4.2A). At 8 days of age, the chickens were further divided into four groups: AIV-

BMD chickens were infected with 1 x 106 TCID50/chick of AIV WF10 H9N2 and fed a 

supplemented BMD diet, while AIV chickens were infected with AIV but fed the 

standard diet. Mock-BMD chickens were administered 1X PBS and fed a supplemented 

BMD diet, while the mock was fed a standard diet (Fig 4.2A). Assessment of humoral 

responses to AIV before infection revealed undetectable antibody responses (enzyme-

linked immunosorbent assay (ELISA)), suggesting that the chickens had not been 

previously exposed to AIV. Prior to AIV infection, individual weights across groups were 

similar; however, AIV-BMD chickens had significantly higher weight at 19 days of age 

(11 dpi, p = 0.04, 2-way ANOVA), 22 days of age (14 dpi, p = 0.025, 2-way ANOVA), 

and 26 days of age (18 dpi, p = 0.049, 2-way ANOVA) compared to the mock controls 
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(Fig 4.2B). Comprehensively, a significant weight increase was observed starting 11 days 

post AIV infection when chickens were supplemented with BMD compared to the mock 

controls.  

In addition to weight change, OP and CL swabs were collected to analyze 

infectious AIV shedding and viral RNA (vRNA) loads. Within the OP swabs, infectious 

virus was highest at 1 dpi, followed by 3 dpi and then 5 dpi (Fig 4.3A). No statistically 

significant differences between the two groups were observed. However, one bird from 

the AIV-BMD group was shedding infectious virus at 5 dpi compared to no birds within 

the FLUAV group (Fig 4.3A). Similar viral RNA loads in the OP swabs among both 

groups were detected at 1, 3, 5, and 7 dpi (Fig 4.3A). Conversely, no infectious AIV and 

vRNA loads were observed at all dpi in CL swabs of the AIV group (Fig 4.3B). Within 

the AIV-BMD group, one bird shed infectious virus and had detectable vRNA loads at 1 

and 3 dpi (Fig 4.3B). When analyzing humoral response at 21 dpi, similar antibody 

responses (hemagglutination inhibition (HI)) was observed regardless of the diet (Fig 

4.3C). Collectively, similar virus titers and vRNA loads were detected among the two 

groups except for prolonged infectious virus within the OP and shedding in the CL 

among the birds supplemented with BMD in their diet.  

 

AIV infection in combination with BMD supplementation alters the composition of the 

oropharyngeal microbiota 

To characterize the OP microbiome in chickens, we sequenced the V4 region of 

16S rRNA genes amplified from OP swabs collected at -1, 1, 3, 5, 7, 14, and 21 dpi. 

Alpha diversity (observed number of amplicon sequence variants (ASVs)), Shannon 
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diversity, and Simpson evenness index were calculated across dpi (Fig 4.4A-C). As the 

chicks' age increased, the number of observed ASVs increased in all groups (Fig 4.4A). 

Notably, the observed number of ASVs within the AIV-BMD group was higher than the 

mock, starting at 5 dpi and continuing until 21 dpi; however, the comparison between the 

two groups was only statistically significant at 14 dpi (p=0.026; Wilcox) (Fig 4.4A). 

Similar to the observed number of ASVs, Shannon diversity was significantly larger in 

the AIV-BMD (p=0.026; Wilcox) and AIV (p=0.026; Wilcox) group compared to the 

mock at 5 dpi and continued until 21 dpi, although not significant (Fig 4.4B). The AIV-

BMD (p = 0.026; Wilcox) and AIV (p = 0.026; Wilcox) groups also had significantly 

larger Simpson indexes at 5 dpi; however, diversity indexes were similar at 7, 14, and 21 

dpi (Fig 4.4C). To evaluate changes in the OP microbial composition post-AIV infection, 

we analyzed beta diversity using unweighted Jaccard and weighted Bray-Curtis’s 

dissimilarity metrics through non-metric multidimensional scaling (NMDS) ordination. 

Both ordinations showed distinct clustering of the pre-infected samples compared to the 

other samples (Jaccard: R2 = 0.067, p <0.01; Bray: R2 = 0.10, p < 0.01; PERMANOVA) 

(Fig 4.4D-E). In addition, separated clustering by group during infection (1, 3, 5, and 7 

dpi), particularly the AIV-BMD and AIV chickens, is observed notably in the unweighted 

dissimilarity metric (Jaccard: R2 = 0.13, p < 0.01; Bray: R2 = 0.17, p <0.01; 

PERMANOVA) (Fig 4.4F). Days post-infection (Jaccard: R2 = 0.057, p<0.01; Bray: R2 

= 0.080, p<0.01: PERMANOVA) was also considered a significant factor affecting 

ordination clustering along with the interaction between groups and dpi (Jaccard: R2 = 

0.054, p<0.05; Bray: R2 = 0.052, p<0.01: PERMANOVA). When analyzed separately, 

both BMD supplementation (Jaccard: R2= 0.033, p<0.01; Bray: R2 = 0.038, p<0.01; 
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PERMANOVA) and AIV infection (Jaccard: R2 = 0.077, p<0.01; Bray: R2 = 0.11, p 

<0.01; PERMANOVA) were considered significant factors in effecting ordination 

clustering. While the study included both males and females within the population, sex 

(Jaccard: R2 = 0.014, p=0.11; Bray: R2 = 0.016, p = 0.12; PERMANOVA), and different 

isolators (cage effect) (Jaccard: AIV-BMD: R2=0.040, p = 0.12; AIV: R2 = 0.038, p = 

0.15; Mock-BMD: R2 = 0.039, p = 0.12; Mock: R2 = 0.030, p = 0.40; PERMANOVA) 

were not considered to have a significant effect on the ordination clustering. Overall, AIV 

infection with BMD supplementation more heavily impacts the OP microbial diversity 

than without BMD supplementation; however, AIV infection is the primary factor 

influencing OP microbial dysbiosis.  

At the phylum level, the OP microbiota was primarily classified into Firmicutes 

(mean (x̄): AIV-BMD: 71.8%, AIV: 70.8%, Mock-BMD: 65.5%, and Mock: 63.9%) and 

Proteobacteria (x̄: AIV-BMD: 27.3%, AIV: 28.3%, Mock-BMD: 32.9%, and Mock: 

33.5%) when all dpc were combined (Fig 4.5A). When examining each dpi separately, all 

groups had similar relative abundances of the two phyla (Fig 4.5B). However, both AIV-

infected groups at 5 dpi, particularly the AIV group compared to the Mock-BMD (p = 

0.026; Wilcox), have decreased relative abundances of Proteobacteria compared to the 

mock controls (x̄: AIV-BMD: 21.3%, AIV: 10.9%, Mock-BMD: 38.0%, Mock: 45.9%) 

(Fig 4.5B). A difference in relative abundance was also observed at lower taxonomic 

levels (Fig 4.5C). When all dpi is combined, Pseudomonas had the largest relative 

abundance in both AIV-infected groups (x̄: AIV-BMD: 17.8%, AIV: 21.8%, Mock-

BMD: 9.04%, Mock: 7.6%) while Escherichia-Shigella was the most prevalent in both 

mock controls (x̄: AIV-BMD: 8.4%, AIV: 11.2%, Mock-BMD: 18.3%, Mock: 20.07%). 
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We performed differential abundance testing at the genus level using linear discriminant 

analysis effect size (LefSE). When comparing the mock controls fed a standard diet to 

chickens fed a diet supplemented with BMD including all dpi, Firmicutes genera 

including Bacillus (p=0.00031), Lactobacillus (p=0.0096), and Enterococcus (p=0.033) 

were enriched within the mock controls while Lachnospiraceae GCA_900066575 

(p=0.045), Incertae Sedis (p=0.042), and Pediococcus (p=0.0022) were enriched within 

the group supplemented with BMD. Proteobacteria genera, including Enydrobacter 

(p=0.0090), were enriched within the mock, while Proteus (0.014) and Massilia 

(p=0.0020) were enriched in the chickens supplemented with BMD. When comparing the 

mock controls and the AIV group during peak virus infection (1dpi-7dpi), Firmicutes 

genera Chryseobacterium (also significantly enriched (sigEn) at 14 dpi; p=0.00093), 

Lactobacillus (SigEn at 14 dpi; p=0.00014), Pediococcus (SigEn at 1 and 7 dpi, 

p=0.00048), and Oscillospiraceae UCG-005 (SigEn at 1 and 3 dpi; p=0.00067) were 

enriched within the mock controls while Firmicutes genera Clostridium sensu stricto 5 

(SigEn at 1 and 3 dpi; p=0.0087), Eisenbergiella (SigEn at 5 and 7 dpi; p=0.00090), 

Lachnospiraceae GCA_900066576 (SigEn at 5, 7, 14, and 21 dpi; p=0.0020), 

Lachnosclostridium (SigEn at 5 and 21 dpi; p=0.039), Lachnospiraceae UCG-004 (SigEn 

at 5 and 7 dpi; p=0.0088), Colidextribacter (SigEn at 5 and 21 dpi; p=0.020), 

Flavonifractor (SigEn at 5 dpi, p=0.033), Pseudoflavonifractor (SigEn at 5 and 21 dpi; 

p=0.0091), Incerta Sedis (SigEn at 5 and 21 dpi; p=0.0028), Negativibacillus (p=0.043),  

and Acinetobacter (SigEn at 3 dpi; p=0.0046), were enriched within the AIV group. In 

between 1 and 7 dpi, the largest number of significant taxa reported when comparing the 

mock and AIV group was observed at 3 dpi; however, 21 dpi had the greatest number of 
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different significant taxa between the two groups when analyzing all days sampled. 

Numerous other genera were considered significantly different among the mock and AIV 

group; however, these genera were also significantly different before infection and were 

therefore not considered a result of AIV infection (data not shown). Comparison between 

the AIV group and AIV-BMD groups during infection (1-7 dpi) showed enrichment of 

Firmicutes genera Bacillus (SigEn at 3 and 5 dpi; p=4.87E-6), Enterococcus (SigEn at -1, 

1 and 3 dpi; p=0.0015), Lactobacillus (SigEn at -1, 3, 5, and 14 dpi; p=1.97E-5), 

Eisenbergiella (SigEn at 3 and 5 dpi; p=0.005), and Flavonifractor (SigEn at 5 dpi; 

p=0.0045), and Proteobacteria genus Dechloromonas (SigEn at -1, 1, and 3 dpi; 

p=0.0016) within the AIV group. Meanwhile, Pediococcus (SigEn at 3 dpi; p=0.032), 

Weisella (SigEn at -1 and 1 dpi; p = 0.024), Clostridia UCG-014 (SigEn at 5 and 14 dpi; 

p=0.019), Clostridium sensu stricto 1 (SigEn at 3 dpi; p=0.017), Eubacterium halli group 

(SigEn at 3 and 5 dpi; p=0.017), Blautia (p=0.0079), Sellimonas (p=0.039), UCG-005 

(SigEn at 1 dpi; p=0.014), Caproiciproducens (SigEn at 3 dpi; p=0.035), DTU089 (SigEn 

at 3 dpi; p=0.043), and Proteobacteria genera Sphingobium (p=0.021), Massilia (SigEn at 

-1, 3, 5, 21 dpi; 0.0024; p=0.0024), Pantoeae (SigEn at -1, 3, 5, and 7 dpi; p=0.0028), 

Proteus (SigEn at 3 and 5 dpi; p=0.0026), and Enydrobacter (SigEn at -1, 5, 7,  and 14 

dpi; p = 7.46E-5) were enriched within the AIV-BMD group. Overall, taxonomic 

differences were observed among the different groups, including those that differed by 

BMD supplementation and/or AIV infection within OP swabs collected during peak virus 

infection.  
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AIV infection alters the composition of the cloacal microbiota more than supplementation 

of BMD 

 The V4 region of 16S rRNA genes amplified from the CL swabs collected at -1, 

1, 3, 5, 7, 14, and 21 dpi were sequenced and analyzed to examine changes within the CL 

microbiota post-AIV infection with BMD supplementation. Similar to the OP swabs, 

alpha diversity (observed number of ASVs) increased as the chicks' age increased in all 

groups (Fig 4.6A). There was no significant difference among the groups and observed 

number of ASVs across all time points (Fig 4.6A). However, the Shannon diversity of the 

AIV-BMD group was significantly larger than the AIV group 1 day before infection (Fig 

4.6B), while it was similar at all other dpi among all groups (Fig 4.6B). The Shannon 

diversity was higher in the AIV-BMD group at 5 dpi; however, this was not statistically 

significant (p > 0.05; Wilcox) (Fig 4.6B). Contrarily, the AIV-BMD group had a 

significantly lower Simpson index compared to the mock at 3 dpi (p = 0.026; Wilcox), 

and the Mock-BMD group had a significantly lower Simpson index compared to the 

mock at 14 dpi (p = 0.026; Wilcox) (Fig 4.6C). To investigate changes in the CL 

microbial composition post-AIV infection, we analyzed beta diversity using unweighted 

Jaccard and weighted Bray-Curtis’s dissimilarity metrics through NMDS ordination. 

Similar to the OP swabs, both ordinations showed distinct clustering of the pre-infected 

samples compared to the other samples (Jaccard: R2 = 0.036, p<0.01; Bray: R2 = 0.052, 

p<0.01: PERMANOVA) (Fig 4.6D-E). When analyzing the groups during infection (dpi 

1, 3, 5, and 7), beta diversity using NMDS ordination plots showed limited clustering of 

groups in unweighted (Jaccard) and weighted (Bray-Curtis) dissimilarity metrics (Fig 

4.6F); however, PERMANOVA analysis showed significant differences by group 
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(Jaccard: R2 = 0.074, p<0.01; Bray: R2 = 0.083, p<0.01: PERMANOVA) and dpi 

(Jaccard: R2 = 0.037, p<0.05; Bray: R2 = 0.046, p<0.05: PERMANOVA) but not the 

interaction of both factors (Jaccard: R2 = 0.022, p=0.84; Bray: R2 = 0.018, p=0.84: 

PERMANOVA). When examined individually, BMD supplementation was considered 

significant in unweighted distances but not weighted distances (Jaccard: R2 = 0.024, 

p=0.034; Bray: R2 = 0.025, p=0.055: PERMANOVA), while AIV infection was 

considered a significant factor in effecting both unweighted and weighted dissimilarity 

distances (Jaccard: R2 = 0.034, p<0.01; Bray: R2 = 0.042, p<0.01: PERMANOVA). 

While the study included both males and females within the population, sex (Jaccard: R2 

= 0.0040, p=0.84; Bray: R2 = 0.0033, p=0.78: PERMANOVA) and different isolators 

(cage effect) (Jaccard: Mock: R2 = 0.021, p = 0.40; Mock-BMD: R2 = 0.042, p = 0.13; 

FLUAV: R2 = 0.043, p = 0.12; AIV-BMD: R2=0.04, p = 0.11; PERMANOVA) were not 

considered to have a significant effect on the ordination clustering. Conclusively, AIV 

infection more heavily impacts the CL microbial diversity than BMD supplementation 

but is less clear than changes observed within the OP.  

When analyzing taxonomic differences at the phylum level, the CL microbiota 

was predominantly classified into Firmicutes (x̄: AIV-BMD: 77.1%, AIV: 72.6%, Mock-

BMD: 67.3%, and Mock: 69.5%) and Proteobacteria (x̄: AIV-BMD: 31.6%, AIV: 26.2%, 

Mock-BMD: 31.6%, and Mock: 28.2%) (Fig 4.7A). When analyzing each dpi separately, 

the amount of Proteobacteria increased as the dpi increased or as the age of the chicks 

increased (Fig 4.7B). At 1 and 3 dpi, the relative abundance of Proteobacteria was 

enriched in the AIV-infected groups compared to the mock controls (x̄ at 1 dpi: AIV-

BMD: 93.3%, AIV: 93.5%, Mock-BMD: 72.0%, Mock: 81.4%; x̄ at 3 dpi: AIV-BMD: 
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88.4%, FLUAV: 91.6%, Mock-BMD: 66.3%, Mock: 84.5%); however, this relationship 

was also observed 1 day before infection (x̄: AIV-BMD: 81.1%, AIV: 91.6%, Mock-

BMD: 62.4%, Mock: 74.9) (Fig 4.7B). Taxonomic differences at the lowest classification 

were also observed among different groups (Fig 4.7C). When all dpi were combined, 

Escherichia-Shigella (x̄: AIV-BMD: 20.3%, AIV: 29.0%, Mock-BMD: 23.9%, Mock: 

20.2%) followed by Romboutsia (x̄: AIV-BMD: 16.8%, AIV: 18.9%, Mock-BMD: 

21.2%, Mock: 16.6%) were the most prevalent ASVs among all groups. When comparing 

the mock controls fed a standard diet to chickens fed a diet supplemented with BMD, 

including each sample collection day, Actinobacteriota genera Corynebacterium 

(p=0.0029) and Firmicutes genera Lactobacillus (p=0.019), Clostridia UCG-014 

(p=0.0197), Eubacterium coprostanoligenes group (p-0.00096), Flavonifractor (p=0.049) 

and Pseudoflavonifractor (p=0.0080) was enriched within the mock group fed a standard 

diet. Contrastingly, Firmicutes Staphylococcus (p=2.73E-07) and Romboutsia (p=0.0053) 

and Proteobacteria genera Acinetobacter (p=8.29E-06) and Pseudomonas (p=0.019) were 

enriched with the mock group supplemented with BMD. When comparing the mock 

controls and the AIV group during infection (1dpi-7dpi), Actinobacteriota genera 

Corynebacterium (SigEn at 7 and 14 dpi; p= 0.00036), and Firmicutes genera 

Turicibacter (SigEn at 7 and 14 dpi; p=0.17), Pediococcus (SigEn at 3 and 14 dpi; 

p=0.00044), Clostridia UCG-014 (SigEn at 3 and 5 dpi; p=0.017), Anaerostipes (SigEn 

at 1 dpi; p=0.032), Sellimonas (SigEn at 5 dpi; p=0.047), Shuttleworthia (SigEn at 3 dpi; 

p=0.019), UCG-009 (p=0.040), UCG-005 (0.0017), Anaerotruncus (SigEn at 5 dpi; 

p=0.018) were enriched within the mock control group compared to AIV infected 

chickens. In contrast, Firmicutes genera Enterococcus (p=0.037) and Negativibacillus 
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(p=0.025) and Proteobacteria genus Pseudomonas (SigEn at 5 and 14 dpi; p=0.032) were 

enriched within the AIV infected group. Similar to the OP swabs, numerous other genera 

were considered significantly different among the mock and AIV group; however, these 

genera were also significantly different before infection and were therefore not 

considered a result of AIV infection (data not shown). Comparison between the AIV 

group and AIV-BMD group during infection (1-7 dpi) showed enrichment of Firmicutes 

genus Enterococcus (SigEn at 5 dpi; p=0.0073) and Lactobacillus (p=0.002) within the 

AIV group while Firmicutes genera Weisella (SigEn at 1 dpi; p=0.0046), Eubacterium 

halli group (p=0.045), Anaerostipes (SigEn at 5 dpi; p=0.027), Blautia (SigEn at 5dpi; 

p=0.034), Sellimonas (SigEn at 5 dpi; p=0.0064), Shuttleworthia (SigEn at 5 dpi; 

p=0.044), and Proteobacteria genera Proteus (SigEn at 7 dpi; p=0.0017) and 

Pseudomonas (p=0.025) was observed in the AIV-BMD group. Conclusively, taxonomic 

differences were observed among the different groups, including those that differed by 

BMD supplementation and/or AIV infection within cloacal swabs collected during peak 

virus infection.  

 

Limited differences within the fecal microbiota post-FLUAV infection and 

supplementation of BMD 

We sequenced the V4 region of 16S rRNA genes amplified from pooled fecal 

samples collected at -1, 1, 3, 5, 7, 14, and 21 dpi.  When all dpi were combined, alpha 

diversity (observed number of ASVs), Shannon diversity, and Simpson evenness index 

were not significantly different among groups (Fig 4.8A-C); however, the observed 

number of ASVs and Shannon diversity were greater in the AIV-BMD group compared 
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to the rest of the groups (Fig 4.8A-B). To examine changes in the fecal microbial 

composition post-FLUAV infection, we analyzed beta diversity using unweighted 

Jaccard and weighted Bray-Curtis dissimilarity metrics through NMDS ordination. 

Dissimilar to the OP and CL swabs, both ordinations showed limited clustering of groups 

(Fig 4.8D-E); however, PERMANOVA analysis exhibited significant differences by 

group (Jaccard: R2 = 0.13, p<0.01; Bray: R2 = 0.16, p<0.01; PERMANOVA). In 

addition, we observed separated clustering by group during infection (1, 3, 5, and 7 dpi), 

notably in the AIV group in the unweighted Jaccard metric (Fig 4.8F; R2 = 0.16, 

p=0.018; PERMANOVA) and AIV-BMD in the weighted Bray-Curtis metric (Fig 4.8G; 

R2 = 0.17, p=0.022; PERMANOVA). Days post-infection (Jaccard: R2 = 0.088, p<0.01; 

Bray: R2 = 0.11, p<0.01: PERMANOVA) was also considered a significant factor 

affecting ordination clustering but not the interaction between groups and dpi (Jaccard: 

R2 = 0.08, p=0.50; Bray: R2 = 0.065, p=0.67: PERMANOVA). When analyzed 

individually, both BMD supplementation (Jaccard: R2 = 0.051, p=0.11; Bray: R2 = 

0.057, p=0.11: PERMANOVA) and infection status (Jaccard: R2 = 0.057, p=0.079; Bray: 

R2 = 0.058, p=0.096: PERMANOVA) were not considered significant factors in 

effecting ordination clustering. Different isolators (cage-effect) (Jaccard: Mock: R2 = 

0.088, p = 0.39; Mock-BMD: R2 = 0.085, p = 0.41; FLUAV: R2 = 0.081, p = 0.49; AIV-

BMD: R2=0.077, p = 0.48; PERMANOVA) was also not considered to have a significant 

effect on the ordination clustering. Overall, the combination of AIV infection with BMD 

supplementation more heavily impacts change in the fecal microbial diversity than AIV 

or BMD factors individually.  
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Similar to OP and CL swabs, Firmicutes (x̄: AIV-BMD: 86.86%, AIV: 75.47%, 

Mock-BMD: 62.84%, and Mock: 75.48%) and Proteobacteria (x̄: AIV-BMD: 13.12%, 

AIV: 24.52%, Mock-BMD: 36.50%, and Mock: 24.12%) were the most common phyla 

classified when all dpc were combined (Fig 4.9A). Overall, AIV-BMD isolators had a 

reduced relative abundance of Proteobacteria compared to the Mock-BMD group 

(p=0.018; Wilcox) (Fig 4.9A). When analyzing dpi individually, the relative abundance 

of Proteobacteria increases as the dpi or the chicks' age increases (Fig 4.9B). While not 

statistically significant, both AIV groups had reduced relative abundance of 

Proteobacteria at 1 (x̄: AIV-BMD: 4.17%, AIV: 0.0072%, Mock-BMD: 31.92%, and 

Mock: 10.19%), 3 (x̄: AIV-BMD: 0.62%, AIV: 6.42%, Mock-BMD: 21.57%, and Mock: 

2.21%), and 5 (x̄: AIV-BMD: 7.12%, AIV: 9.38%, Mock-BMD: 39.57%, and Mock: 

34.10%) dpi. Further, the relative abundance of Proteobacteria continued to be less in the 

AIV-BMD group compared to the other groups at 7 (x̄: AIV-BMD: 10.50%, AIV: 

60.50%, Mock-BMD: 35.52%, and Mock: 35.98%) and 14 (x̄: AIV-BMD: 29.75%, AIV: 

63.71%, Mock-BMD: 52.57%, and Mock: 36.84%) dpi. Differences in the relative 

abundance of fecal samples were also observed at the lowest taxonomic classification 

(Fig 4.9C). When all dpi were combined, Escherichia-Shigella had the largest relative 

abundance in all groups (x̄: AIV-BMD: 23.10%, AIV: 30.23%, Mock-BMD: 30.98%, 

Mock: 26.63%) followed by Romboutsia (x̄: AIV-BMD: 18.76%, AIV: 23.97%, Mock-

BMD: 23.96%, Mock: 21.19%). When comparing the mock controls fed a standard diet 

to chickens fed a diet supplemented with BMD, including each sample collection day, 

Actinobacteriota genera Lactobacillus (p=0.017) was enriched within the mock group fed 

a standard diet while Colidextribacter (p=0.032) was increased in mock chickens 
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supplemented with BMD. When comparing the mock controls and the AIV group during 

infection (1dpi-7dpi), Firmicutes genera Pediococcus (p=0.011), Weisella (p=0.0063), 

and Shuttleworthia (p=0.0061) were enriched within the mock group whereas Firmicutes 

genus Lactobacillus (p=0.045) and Proteobacteria genera Acinetobacter (p=0.027) and 

Pseudomonas (0.026) were enriched within the IAV infected chickens. Comparison 

between the AIV group and AIV-BMD group during infection (1-7 dpi) showed 

enrichment of Firmicutes genus Lactobacillus (p=0.0031) in the AIV group while 

Firmicutes genera Pedicoccus (p=0.015), Weissella (p=0.0011), Clostridia vadin BB60 

group (p=0.015), Shuttleworthia (0.025), Butyricicoccus (p=0.027), Oscillibacter 

(p=0.016), Incertae Sedis (0.046) and Proteus (p=0.0077) were enriched within the AIV-

BMD. Overall, taxonomic differences were observed among the different groups; 

however, the differences were more limited in the feces compared to the OP and CL 

swabs. 

 

Discussion  

This study investigates the effect of BMD administration on AIV infection in 

broiler chickens on virus shedding and its compound effect on the respiratory/intestinal 

microbiota in anatomical locations with detectable virus shedding. To our knowledge, no 

previous studies have examined the impact of BMD supplementation on common 

respiratory virus infections within poultry. Further, previous studies have focused mainly 

on the effect of BMD on the ceca with only limited analysis on the feces and small 

intestine (253, 254, 257, 276, 277); however, no studies to our knowledge have analyzed 

the effect of BMD supplementation on the OP and CL microbiota.  
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 AGPs are hypothesized to enhance growth by modulating the gut microbiome to 

increase nutrient utilization, reduce inflammation, and limit the colonization of pathogens 

(276). BMD is commonly used in some countries for growth promotion and to treat and 

prevent necrotic enteritis caused by Clostridium perfringens (254, 278). Low doses of 

BMD can increase villi height within the small intestine and improve digestion leading to 

increased body weight and feed conversion ratio (254). BMD primarily targets gram-

positive bacteria such as Streptococci, Staphylococci, Clostridia, Fusobacterium, and 

Actinomyces (254). It is not well-absorbed in the intestine and can therefore affect 

residential bacteria inducing bacterial rupture by inhibiting the dephosphorylation of 

pyrophosphate, which can lead to the prevention of synthesis and transport of 

peptidoglycan precursors resulting in defects within the cell wall (254, 279, 280). Within 

this study, we observed limited alpha and beta diversity differences between chickens fed 

a standard diet compared to those supplemented with BMD in the cloaca and feces. 

However, a previous study showed increased diversity within young broiler chickens (19 

days) fed BMD within the distal colon but fewer changes within the cecum (254). 

Further, a previous report showed that chicks fed a supplemented BMD diet at 14 days 

and 28 days had a significantly decreased number of features but similar Shannon and 

Simpson diversity indexes within the cecum (280). Meanwhile, a study analyzing 

different anatomical locations in young (24 days) and older broilers (40 days) showed a 

modest impact of BMD on the community composition in numerous anatomic sites, 

including the gizzard, duodenum, jejunum, ileum, ceca, and colon (276). Differences in 

the anatomical location of the various sample sites could explain the disparity among the 

results. The cloaca contains a more aerobic environment than the colon; it has been 
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reported that the microbial diversity and composition of the cloaca are distinct from the 

other locations within the intestinal tract, partially because the terminal parts of the 

urinary, reproductive, and digestive systems of birds connect to the cloaca (281). It has 

been previously described that the cloaca harbors a different microbiota community than 

the colon or magnum (281). Therefore, the dichotomy of the observations within this 

study and previous studies may be explained by the difference in sample type and 

anatomical location.  

Similar to the cloaca and feces, we observed limited alpha and beta diversity 

differences in the OP samples among chicks fed a standard diet and those provided a 

BMD-supplemented diet; however, there was an increase in the number of observed 

ASVs as the chicks increased in age. To our knowledge, no other reports have examined 

the oropharyngeal microbiome of broiler chickens fed BMD-supplemented diets. The 

oropharyngeal microbiota primarily consisted of Firmicutes and Proteobacteria with a 

small relative abundance of Bacteroidota in chicks fed both diets. At lower taxonomic 

levels, Escherichia-Shigella, followed by Pseudomonas, were the most prevalent in both 

groups when all days of sampling were combined. Escherichia coli has been previously 

isolated from the trachea, air sacs, and lungs in 85% of broiler chickens (21 days of age) 

analyzed within the study in which the chickens showed no clinical signs of disease 

(282). As previously demonstrated, the buccal microbiota was mainly populated with 

Lactobacillus, while Staphylococcus was the most prevalent taxa in the nasal microbiota 

(283). Interestingly, Bacillus, Lactobacillus, Enterococcus, and Enydrobacter were 

enriched in the OP of chicks fed a standard diet, while Lachnospiraceae 

GCA_900066575, Incertae Sedis, Pediococcus, and Massilia were increased within the 
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chicks supplemented with BMD suggesting a reduction in more beneficial bacteria such 

as Lactobacillus when BMD is added as a supplement.  

 Multiple reports have demonstrated that AIV infection in chickens results in a 

dysbiosis of the fecal microbiota (180, 181, 252). Further, microbiota depletion leads to 

increase virus shedding in the OP and CL post-H9N2 AIV infection (181). Within this 

study, the number of observed ASVs and Shannon diversity index in AIV-infected chicks 

was lower at 5 dpi compared to the mock controls but not significant. These results 

correlate with what has been observed in the cloacal microbiome of wild mallards 

positive for influenza virus infection (284). Within the beta diversity analysis, we 

observed distinct clustering from the pre-infection groups compared to the AIV-infected 

groups, which was also observed in fecal samples collected from chickens infected with 

AIV H9N2 in a previous report (180). Interestingly, alpha and beta diversity differences 

were more pronounced in the OP microbiome than in the CL and fecal microbiome. 

Shedding of H9N2 AIV occurred primarily via the OP, except for one bird that shed via 

the CL. Therefore, increased shedding of AIV within the OP may have a larger effect on 

the OP microbial environment compared to a distal location such as the CL and feces. 

During virus infection (1– 7 dpi), bacteria known to have beneficial effects, such as 

Lactobacillus and Oscillospiraceae UCG-005, were differentially enriched within the 

mock-infected chickens compared to those that were infected with IAV within the OP. 

This trend has also been previously reported in the respiratory tract of turkeys infected 

with AIV (285).  

 While extensive studies have analyzed the effect of AGPs and AIV infection in 

the gut microbiome of chickens, it is not well established if AGP administration affects 
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AIV infection. While AGPs are considered the “gold standard” of growth promoters in 

agriculture, there is a considerable concern due to the association of sub-therapeutic 

doses of antibiotics associated with the selection of antibiotic-resistant pathogens (286). 

However, there is limited information on the effect of low-dosage antibiotics on AIV 

infection. Notably, results within this study showed increased weight gain among 

chickens infected with AIV and supplemented with BMD compared to the mock controls. 

Therefore, the results suggest that AIV infection may not affect the weight gain observed 

when BMD is administered as an AGP. When analyzing virus shedding, similar OP virus 

shedding was observed for chicks fed a standard diet and those supplemented with BMD; 

however, OP infectious virus shedding was prolonged until 5 dpi compared to the chicks 

fed a standard diet. Further, one chicken fed a supplemented BMD diet shed virus via the 

cloaca compared to those fed a standard diet. Since BMD supplementation induces 

changes in specific bacteria at the taxonomic level, it may cause a similar effect to what 

is observed when the microbiome is depleted increasing virus replication but to a lesser 

extent. However, further studies are needed to examine the mechanism of the effect of 

AGP administration and respiratory virus infections.  

 In summary, we examined the effect of BMD administration on AIV infection in 

broiler chickens, including virus shedding and the compound effect on the 

respiratory/intestinal microbiota. However, several limitations of this study must be 

noted: while we observed differences in virus shedding among the groups with and 

without BMD supplementation, the study contained a relatively small size. Further, the 

immune response plays an essential role during early viral infection and the host 

microbiota; however, this study did not evaluate the immune response. Additional studies 



 

119 

 

are needed to understand if AGP supplementation and its effect on the microbiome alters 

the host immune response during respiratory virus infection. Yet, the proof-of-principle 

approach of this study identifies prolonged AIV virus shedding and significant changes in 

the OP, CL, and fecal microbiomes of young broiler chickens when the diet is 

supplemented with BMD, warranting more in-depth studies on the effect of AGP 

administration of respiratory virus infections in agricultural species.  
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Figure 4.1. Sample Coverage and Rarefaction curves for alpha diversity analysis. (A) Sample coverage measured by the 

number of reads per sample separated by sample type. The samples are color-coded by sample type (Oropharyngeal: yellow, 

Cloaca: purple, Feces: blue). (B) Rarefaction curve of the Oropharyngeal (OP) in which samples are colored by group (AIV-

BMD: orange, AIV: blue, Mock-BMD: purple, Mock: grey). The dashed line (x = 10,027) represents the number of reads each 

sample was rarified for downstream diversity analyses. Rarefaction curve of the cloacal (C) and feces (D) in which samples are 

colored by group (AIV-BMD: orange, AIV: blue, Mock-BMD: purple, Mock: grey). The dashed line (x = 17,935) represents 

the number of reads each sample was rarified for downstream diversity analyses. 
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Figure 4.2. Experimental design and body weights of chickens pre- and post-AIV 

infection with and without BMD supplementation. (A) At 1 day of age, chickens were 

divided into two groups: 50% of the chickens were fed a recommended standard start-n-

grow diet, while the other 50% of chickens were fed the standard diet with supplemented 

BMD (50g/ton). At 5 days of age, a subset of chickens was bled and humanely 

euthanized to determine status of previous exposure to AIV. At 8 days of age, chickens 

were infected with PBS (mock controls) or 1 x 106 TCID50/chick of AIV WF10 H9N2. 

Oropharyngeal (OP) and cloacal (CL) swabs and feces were collected at 1, 3, 5, 7, 14 and 

21 dpi. At 21 dpi, remaining chickens were bled and humanely euthanized to determine 

antibody titers post infection. (B) Weight change was calculated for all groups pre- and 

post-AIV infection. Groups are color coded (AIV-BMD: orange, AIV: blue, Mock-BMD: 

purple, Mock: grey). Statistical analysis was performed by two-way ANOVA with a 

Dunnett’s multiple comparisons test, * <0.05. 
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Figure 4.3. Virus shedding and antibody titers in chickens infected with AIV supplemented with and without BMD 

supplementation. Viral loads of the oropharyngeal (A) and cloacal (B) swabs collected at 1, 3, 5, and 7 dpi. Infectious virus 

titrated by TCID50 are graphed as the group mean ± standard deviation in a bar graph. Numbers above the bar graph represent 

the number of birds positive by TCID50. Viral RNA loads, represented by colored points, were determined by RT-qPCR and 

conveyed as log10 TCID50 equivalent (TCID50eq) per ml. Groups are color coded (AIV-BMD: orange, AIV: blue). (C) 

Hemagglutinin inhibition titers 21 days post infection. 
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Figure 4.4. Alpha and beta diversity of the OP in AIV-BMD, AIV, Mock-BMD and Mock chickens. Alpha diversity 

measure of the (A) observed number of ASVs, (B) Shannon diversity, and (C) Simpson index between AIV-BMD (orange), 

AIV (blue), Mock-AIV (purple), and Mock (grey) containing all dpi from the rarified ASV count table. Multiple group 

comparisons were performed using Kruskal-Wallis, while pair-wise comparisons were conducted using the Wilcox test with 

Bonferroni correction. NMDS plot of (D) unweighted Jaccard dissimilarity distance, and (E) weighted Bray-Curtis 

dissimilarity distance. (F) NMDS plot of unweighted Jaccard dissimilarity distance only showing 1-7 dpi. The color designates 

groups (AIV-BMD: orange, AIV:blue, Mock-AIV:purple, and Mock:grey), and dpi is categorized by the shape (-1 dpi: X, 1 

dpi: circle, 3 dpi: square, 5 dpi: triangle, 7 dpi: diamond, 14 dpi: *, and 21 dpi: circle with X). Ellipses were constructed using 

the standard deviation. 
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Figure 4.5 Relative abundance (%) of microbial communities of the OP at the phylum and lowest taxonomic 

classification. (A) Relative abundances agglomerated at the phylum level separated by group when all dpi were combined or 

(B) separated by dpi. (C) Relative abundances of each chicken at the lowest taxonomic rank identified separated by group and 

ordered by dpi. 
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Figure 4.6. Alpha and beta diversity of the CL in AIV-BMD, AIV, Mock-BMD and Mock chickens. Alpha diversity 

measure of the (A) observed number of ASVs, (B) Shannon diversity, and (C) Simpson index between AIV-BMD (orange), 

AIV (blue), Mock-AIV (purple), and Mock (grey) containing all dpi from the rarified ASV count table. Multiple group 

comparisons were performed using Kruskal-Wallis, while pair-wise comparisons were conducted using the Wilcox test with 

Bonferroni correction. NMDS plot of (D) unweighted Jaccard dissimilarity distance, and (E) weighted Bray-Curtis 

dissimilarity distance. (F) NMDS plot of unweighted Jaccard dissimilarity distance only showing 1-7 dpi. The color designates 

groups (AIV-BMD: orange, AIV:blue, Mock-AIV:purple, and Mock:grey), and dpi is categorized by the shape (-1 dpi: X, 1 

dpi: circle, 3 dpi: square, 5 dpi: triangle, 7 dpi: diamond, 14 dpi: *, and 21 dpi: circle with X). Ellipses were constructed using 

the standard deviation. 



 

128 

 

 

 



 

129 

 

Figure 4.7 Relative abundance (%) of microbial communities of the CL at the phylum and lowest taxonomic 

classification. (A) Relative abundances agglomerated at the phylum level separated by group when all dpi were combined or 

(B) separated by dpi. (C) Relative abundances of each chicken at the lowest taxonomic rank identified separated by group and 

ordered by dpi. 
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Figure 4.8. Alpha and beta diversity Feces in AIV-BMD, AIV, Mock-BMD and Mock chickens. Alpha diversity measure 

of the (A) observed number of ASVs, (B) Shannon diversity, and (C) Simpson index between AIV-BMD (orange), AIV (blue), 

Mock-AIV (purple), and Mock (grey) combining all dpi from the rarified ASV count table. Multiple group comparisons were 

performed using Kruskal-Wallis, while pair-wise comparisons were conducted using the Wilcox test with Bonferroni 

correction. NMDS plot of (D) unweighted Jaccard dissimilarity distance and (E) weighted Bray-Curtis dissimilarity distance. 

NMDS plot of (F) unweighted Jaccard dissimilarity distance and (G) weighted Bray-Curtis dissimilarity distance only showing 

1-7 dpi. The color designates groups (AIV-BMD: orange, AIV:blue, Mock-AIV:purple, and Mock:grey), and dpi is 

categorized by the shape (-1 dpi: X, 1 dpi: circle, 3 dpi: square, 5 dpi: triangle, 7 dpi: diamond, 14 dpi: *, and 21 dpi: circle 

with X). Ellipses were constructed using the standard deviation. 
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Figure 4.9. Relative abundance (%) of microbial communities of the feces at the phylum and lowest taxonomic 

classification. (A) Relative abundances agglomerated at the phylum level separated by group when all dpi were combined or 

(B) separated by dpi. (C) Relative abundances of each chicken at the lowest taxonomic rank identified separated by group and 

ordered by dpi. 
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CHAPTER 5 

PATHOBIOLOGY AND DYSBIOSIS OF THE RESPIRATORY AND INTESTINAL 

MICROBIOTA IN 14 MONTHS OLD GOLDEN SYRIAN HAMSTERS INFECTED 

WITH SARS-COV-2 
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Abstract 

The pandemic of severe acute respiratory syndrome coronavirus 2 (SARS2) 

affected the geriatric population. Among research models, Golden Syrian hamsters 

(GSH) are one of the most representative to study SARS2 pathogenesis and host 

responses. However, animal studies that recapitulate the effects of SARS2 in the human 

geriatric population are lacking. To address this gap, we inoculated 14 months old GSH 

with a prototypic ancestral strain of SARS2 and studied the effects on virus pathogenesis, 

virus shedding, and respiratory and gastrointestinal microbiome changes. SARS2 

infection led to high vRNA loads in the nasal turbinates (NT), lungs, and trachea as well 

as higher pulmonary lesions scores later in infection. Dysbiosis throughout SARS2 

disease progression was observed in the pulmonary microbial dynamics with the 

enrichment of opportunistic pathogens (Haemophilus, Fusobacterium, Streptococcus, 

Campylobacter, and Johnsonella) and microbes associated with inflammation 

(Prevotella). Changes in the gut microbial community also reflected an increase in 

multiple genera previously associated with intestinal inflammation and disease 

(Helicobacter, Mucispirillum, Streptococcus, unclassified Erysipelotrichaceae, and 

Spirochaetaceae). Influenza A virus (FLUAV) pre-exposure resulted in slightly more 

pronounced pathology in the NT and lungs early on (3 dpc), and more notable changes in 

lungs compared to the gut microbiome dynamics. Similarities among aged GSH and the 

microbiome in critically ill COVID-19 patients, particularly in the lower respiratory tract, 

suggest that GSHs are a representative model to investigate microbial changes during 

SARS2 infection. The relationship between the residential microbiome and other 

confounding factors, such as SARS2 infection, in a widely used animal model, 
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contributes to a better understanding of the complexities associated with the host 

responses during viral infections. 
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Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS2) is responsible for 

the ongoing coronavirus disease 2019 (COVID-19) pandemic. Clinical manifestations of 

infection are highly variable, ranging from asymptomatic or mild nonspecific flu-like 

symptoms to severe symptoms such as pneumonia, acute respiratory distress syndrome, 

multiple organ failure, and death (9, 287). Several risk factors have been identified for 

severe COVID-19 disease, including sex, age, obesity, cardiovascular conditions such as 

hypertension, smoking, among others (9, 287). Older individuals are at greater risk of 

developing acute respiratory distress amid SARS2 infection (288), leading to prolonged 

hospitalization and death (287). Animal models resembling human disease have been 

essential in understanding SARS2 pathogenesis. Golden Syrian hamsters (GSH) are 

naturally susceptible to SARS2 replication in the respiratory tract, inducing severe lung 

pathology (289, 290). Generally, GSH at 5-8 weeks of age have been used in 

experimental studies (291-296); however, multiple groups reported that 8-10-month-old 

GSHs develop more severe disease by exhibiting increased weight loss and slower lung 

recovery post-infection, emulating more severe disease presentation in older individuals 

(205, 297, 298). The vulnerability of enhanced illness in the elderly population has been 

hypothesized to encompass a combination of immunopathology from exacerbated 

immune response and immunosenescence (287). However, the mechanism and 

characteristics of age-related changes to the host such as the relationship between the 

immune response and host residential microbes during respiratory infections warrants 

further investigation.  
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While relatively established during adulthood, the residential host microbiota 

undergoes significant shifts in composition and diversity during the aging process, which 

can directly or indirectly affect the regulation of the immune system (299, 300). The deep 

respiratory microbiome is characterized by a diverse bacterial community in low 

abundances (301). In healthy individuals, the lung microbiota is generally dominated by 

commensal bacteria within the phyla Firmicutes such as Veillonella spp and 

Bacteroidetes such as Prevotella spp (301). Influenza A virus (FLUAV) and SARS2 

infection affect the local bacterial community through abundance and composition 

changes (168, 195, 302, 303). Previous studies in humans reported that the lung 

microbiota of SARS2 infected patients consisted of opportunistic pathogens or 

enrichment of commensal bacteria such as Pseudomonas, Enterobacteriaceae, and 

Acinetobacter (195, 302). 

Respiratory viral infections can also affect and induce changes in the gut 

microbiota through the gut-lung axis (207, 304). Further, gastrointestinal symptoms along 

with viral RNA (vRNA) in the feces have been observed occasionally during SARS2 

infection (187, 305, 306). While the direct mechanism is unclear, intestinal dysbiosis in 

COVID-19 patients has been previously described in various human cohort studies (202, 

307, 308). COVID-19 patients with severe symptoms presented dysbiosis of the gut 

microbiota characterized by commensal bacteria depletion and pathogenic bacteria 

enrichment (200, 202, 308, 309). Overall, fecal microbiome studies reported an 

association of opportunistic pathogens with COVID-19 infection, including 

Streptococcus, Rothia, Veillonella, Erysipelatoclostridium, Actinomyces, Collinsella, and 

Morganella (200, 308). While not fully understood, the intestinal microbiota affects 
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various physiological functions, including metabolism, digestion, organ function, 

response to invading pathogens, and immune homeostasis (310). While human clinical 

samples are informative, there are also limitations, such as the environmental factors 

influenced by daily life (age, geographic location, diet, sex) or clinical management 

(antiviral or antibiotic treatment) that contribute to inter-individual variation. Human 

microbiome studies are limited since samples are mostly restricted to those from the 

nasopharynx or feces; lungs and intestinal tissues are more difficult to collect. However, 

it is well accepted that microbial communities vary in composition and abundance 

depending on different parts of the respiratory and intestinal tracts. Therefore, it is 

valuable to characterize the effect of SARS2 infection on the respiratory and intestinal 

microbiota in established animal models.  

We recently analyzed the lung and cecum microbiota of K18-hACE2 mice after a 

low and high dose SARS2 infection (197). Within this animal model, we reported 

diversity and compositional changes in the respiratory and intestinal microbiota in a virus 

dose-dependent manner (197). However, the artificial expression of hACE2 does not 

mirror the natural susceptibility observed in humans. Therefore, we utilized an aged 

Syrian hamster model to analyze the pathobiology, host response and effects of SARS2 

and pre-exposure of FLUAV H1N1 on the respiratory and intestinal microbiome in older 

patients. SARS2 challenged GSHs with and without prior FLUAV exposure had similar 

vRNA loads for respiratory and non-respiratory tissues except that FLUAV pre-exposure 

led to decreased SARS2 vRNA in the heart and nasal turbinates (NT). While SARS2 

challenge led to overall higher pulmonary lesion scores later (6 days post challenge 

(dpc)) in infection than in the FLUAV pre-exposure group, FLUAV pre-exposed GSHs 
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displayed slightly more pronounced pathology in the NT and lungs at 3 dpc. SARS2 

challenge also impacted the microbial dynamics by enriching common opportunistic 

pathogens such as Haemophilus, Fusobacterium, Streptococcus, Campylobacter, and 

Johnsonella. Conjointly, SARS2 challenge led to dysbiosis in the small intestine (SI), 

cecum, and feces associated with more pronounced lesions in the cecum, notably in 

GSHs with FLUAV exposure. Several bacterial taxa were enriched in the SARS2 

challenged GSH including Helicobacter, Mucispirillum, Ileibacterium, Streptococcus, 

unclassified Erysipelotrichaceae, Eubacteriaceae, and Spirochaetaceae while Allobaculum 

and unclassified Lachnospiraceae were depleted. Multiple taxa also correlated with 

vRNA load and pathological scores in respiratory and non-respiratory tissues. Altogether, 

SARS2 challenge with and without FLUAV exposure presented distinct disease 

pathology while both altered the respiratory and intestinal microbiota, suggesting that 

older GSH may be paramount in further investigating the effect of age on the host 

response to SARS2 infection. 

 

Materials and Methods 

Ethics Statement  

Studies were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of Georgia (Protocol A2019 03-032-Y2-A9). Studies were 

conducted under animal biosafety level (ABSL) 2 and ABSL3 for SARS2 inoculation. 

Animal studies and procedures were performed according to the Institutional Animal 

Care and Use Committee Guidebook of the Office of Laboratory Animal Welfare and 

Public Health Service Policy on Humane Care and Use of Laboratory Animals. Animal 
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studies were carried out in compliance with the Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) guidelines (https://arriveguidelines.org). Animals were 

humanely euthanized following guidelines approved by the American Veterinary Medical 

Association (AVMA).  

  

Cells and Virus  

Virus stocks of A/Puerto Rico/08/1934 (H1N1) were generated in 10-day old 

specific pathogen-free (SPF) embryonated chicken eggs. Madin-Darby canine kidney 

(MDCK) cells were a kind gift from Robert Webster (St Jude Children’s Research 

Hospital, Memphis, TN, USA) and used for FLUAV titration. Virus stocks were titrated 

by tissue culture infectious dose 50 (TCID50), and virus titers were established by the 

Reed and Muench method (227). Cells were maintained in Dulbecco’s Modified Eagles 

Medium (DMEM, Sigma-Aldrich, St Louis, MO, USA) containing 10% fetal bovine 

serum (FBS), Sigma-Aldrich, St. Louis, MO, USA), 1% antibiotic/antimycotic (AB, 

Sigma-Aldrich, ST Louis, MO, USA) and 1% L-Glutamine (Sigma-Aldrich, St Louis, 

MO, USA). Cells were cultured at 37°C under 5% CO2.  

Vero E6 Pasteur was kindly provided by Maria Pinto (Center for Virus research, 

University of Glasgow, Scotland, UK). Cells were maintained as previously described 

(237). SARS2 (Isolate USA-WA1/2020) was kindly provided by Dr. S. Mark Tompkins 

(Department of Infectious Diseases, University of Georgia). Viral stocks were prepared 

in Vero E6 Pasteur cells. Briefly, cells in a T75 flask were incubated for 1 h with 1 ml of 

viral inoculum. After incubation, the inoculum was removed, and cells were cultured 

https://arriveguidelines.org/
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with DMEM containing 2% FBS 1% AB. After 96 h, the supernatant was collected, 

centrifuged at 15,000 g for 15 min, aliquoted, and stored at -80ºC until use. Viral stocks 

were titrated by TCID50 using the Reed and Muench method (227). 

 

Hamster studies 

4-months-old female golden Syrian hamsters (GSH) were purchased from Charles 

River Laboratories (Kingston, NY) and housed individually in ABSL2 facilities at the 

University of Georgia. At 13-months of age, GSH were randomly distributed into three 

groups (Fig 1A), anesthetized with isoflurane, and challenged intranasally (i.n.) with 100 

µl of either phosphate buffer saline (PBS) or 1x105 TCID50/GSH of Influenza (FLUAV) 

A/Puerto Rico/08/1934 (H1N1). GSH were monitored daily for clinical signs of disease 

throughout the entire course of the experiment. Fourteen days later, GSHs were boosted 

in the same way as previously described. Twelve days after the boost, a subset of GSHs 

were bled through the cranial vena cava to confirm the absence of antibodies against 

SARS2, which was performed using the SARS2 surrogate virus neutralization test 

(Genscript, Piscataway, NJ). Thirteen days after the boost, GSHs were transferred to 

ABSL3 containment and then challenged intranasally (i.n.) with 100 µl of either 

phosphate buffer saline (PBS) or 1x105 TCID50/GSHs of SARS2 (Isolate USA-

WA1/2020) the next day. At 3- and 6-days post-challenge (dpc), subsets of GSH were 

anesthetized with an intraperitoneal (i.p) injection (0.25-0.4 ml) of a ketamine/xylazine 

cocktail (150 mg/kg Ketamine, 10 mg/kg Xylazine), bled through the cranial vena cava, 

and then humanely euthanized with an intravenous injection of Euthasol (200mg/kg). 

Lungs, nasal turbinates (NT), trachea, heart, duodenum, ileum and cecum, and brain were 
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collected from each GSH post-mortem. Tissues were stored at -80ºC until further 

analysis. Cages were changed the day before euthanasia for fecal collection. Feces from 

individual cages were collected and immediately stored at -80ºC until further processing. 

 

Tissue sample preparations 

Tissue homogenates for virus titration were generated using the TissueLyser II 

(Qiagen, Gaithersburg, MD). Briefly, 1ml of PBS-AB was added to each sample along 

with Tungsten carbide 3 mm beads (Qiagen). Samples were homogenized for 10 min and 

then centrifuged at 15,000 g for 10 min. Supernatants were collected, aliquoted, and 

stored at -80ºC until further analysis.  

 

RNA extraction and RT-qPCR 

RNAs were extracted from the tissue homogenates using the MagMax-96 AI/ND 

viral RNA isolation kit (ThermoFisher Scientific, Waltham, MA) following the 

manufacturer’s protocol. A one-step real-time quantitative PCR (RT-qPCR) based on the 

Nucleoprotein gene segment was used as a surrogate of viral load, and it was employed 

using the primers 2019-nCov_N2-F (5’- TTACAAACATTGGCCGCAAA-3’) and 2019-

nCov_N2-R (5’- GCGCGACATTCCGAAGAA-3’). A probe with FAM as a reporter and 

TAMRA as a quencher was used (5’-FAM-ACAATTTGCCCCCAGCGCTTCAG-

TAMRA-3’). The RT-qPCR was performed in a QuantStudio 3 Real-Time PCR System 

(ThermoFisher Scientific, Waltham, MA) using a Quantabio qScript XLT One-Step RT-

qPCR ToughMix kit (Quantabio, Beverly, MA) in a 20 μl final reaction volume. Each 
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reaction mixture contained a 1X master mix, 0.5 μM of each primer, 0.3 μM probe, and 5 

μl of RNA. The qPCR cycling conditions were 50ºC, 20 min; 95 ºC, 1 min, 40 cycles at 

95ºC, 1 min; 60ºC, 1 min; and 72ºC 1 s; with a final cooling step at 4ºC C. A standard 

curve was generated using 10-fold serial dilutions of a SARS2 virus stock of known titer 

to correlate RT-qPCR crossing point (Cp) values with the viral load from each tissue. 

Viral loads were calculated as Log10 TCID50 equivalents/per gram of tissue. 

 

Histopathology and immunohistochemistry 

Selected tissues included NT, trachea, lungs, heart, brain, and small and large 

intestines and were collected from each GSH in each group at 3- and 6-dpc for 

histopathological examination. Tissues were placed in 10% neutral-buffered formalin 

(NBF), fixed for at least 72 hours, paraffin-embedded, and processed for routine 

histopathology with hematoxylin and eosin staining (HE). A board-certified pathologist 

blinded to the study subjectively scored tissues based on percentage of the total 

parenchyma affected by lesions and inflammation as: none (0%), mild; <15% (1), mild to 

moderate; 16-30% (2), moderate; 31-50% (3), moderate to severe 51-75% (4) and severe; 

≥75% (5). Features considered for the scoring were the following: presence and extent of 

necrosis, inflammation, endothelialitis, epithelial cell hypertrophy, hyperplasia, and 

regeneration (mitoses), mesothelial hyperplasia, and syncytia; presence and amount of 

intraluminal catarrhal/fibrino-necrotic/suppurative exudate, hemorrhage, edema, fibrin, 

and thrombi. Additionally, antibodies targeting the SARS-CoV-2 nucleocapsid 

(ThermoFisher Scientific, Waltham, MA; dilution 1/500), were also used to perform 

immunohistochemistry (IHC) on selected tissues. 
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DNA extraction, amplicon library preparation, and sequencing  

DNA was extracted by using a MoBio Power Soil kit (Qiagen, Gaithersburg, MD) 

with minor changes according to the earth microbiome protocol as follows: additional 

incubation at 65 °C for 10 min after the addition of solution C1, beads were shaken at 

20Hz for 20 min instead of 10 min, and samples were incubated at 4 °C for 10 min 

instead of 5 min and then stored at -80 °C until use. Following extraction, the V4 

hypervariable region of the 16S rRNA gene was amplified using Phusion Hot Start 2 

DNA polymerase (Thermo Fisher, Waltham, MA) using primers 515F (59-

GTGCCAGCMGCCGCGGTAA-39) and 806R (59-GGACTACHVGGGTWTCTAAT-

39) in 20 µl PCR reaction (8.9 µl of molecular-grade water, 4 µl of 5  HF buffer, 0.4 µl 

of 10mM deoxynucleoside triphosphates [dNTPs], 1.25 µl of 10 mM 515F, 1.25 µl of 10 

mM 806R, 4 µl of DNA, and 0.2 µl of polymerase) under the following conditions: 

98 °C (30 s), followed by 25 cycles of 98 °C (10 s), 52 °C (30 s), and 72 °C (30 s), a 

final elongation step at 72 °C (5 min), and held at 4 °C. The PCRs were performed in 

duplicates and then visualized on a 1% agarose gel. Duplicate PCR products of the same 

sample were pooled in equal volumes, cleaned by 0.45X of Agencourt AMPure XP 

magnetic beads (Beckman Coulter, Pasadena, CA) according to the manufacturer’s 

protocol, and eluted in molecular biology grade water (Genesee Scientific, San Diego, 

CA). Amplicon concentration was measured using the Qubit dsDNA HS assay kit 

(Thermo Fisher) on a Qubit 3.0 fluorometer (Thermo Fisher). DNA concentrations were 

normalized to 1.0 ng/ml. Subsequently, amplified DNA was used in a secondary 

amplification/dual barcode annealing reaction. Forward and reverse dual barcode primers 

(primers and barcodes with different reference indexes) were designed based upon 
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primers generated by Caporaso et al. (265). Secondary amplification reactions were 

performed using NEBNext high-fidelity 2 PCR master mix (NEB) in 50 µl reactions (26 

µl of 2X  mix, 20.5 µl of water, 2.5 µl of barcoded forward and reverse primers [10mM], 

1 µl of DNA) under the following conditions: 98 °C (30 s), followed by four cycles of 

98 °C (10 s), 52 °C (10 s), and 72 °C (10 s), followed by 6 cycles of 98 °C (10 s) and 

72 °C (1 min), followed by a final extension of 72 °C  (2 min) and then held at 4 °C. 

According to the manufacturer's protocol, samples were subsequently cleaned by 0.45X 

of Agencourt AMPure XP magnetic beads and eluted in molecular biology grade water. 

Fragment size distribution was analyzed on a subset of samples using the Agilent 

Bioanalyzer 2100 DNA-HS assay (Agilent, Santa Clara, CA, USA). Samples libraries 

were then normalized and pooled to a concentration of 2 nM based on a predicted total 

product size of 420 base pair (bp) using the Qubit dsDNA HS assay kit on the Qubit 3.0 

fluorometer. The loading concentration of the pooled libraries was 8 pM. Libraries were 

sequenced using Illumina MiSeq V2 chemistry (Illumina, San Diego, CA), 2 by 250 

paired-end. Negative controls, including an extraction blank and a PCR blank, were 

included in each sequencing run (2 runs total).  

 

Data analysis  

Primer removal and demultiplexing were performed using Illumina BaseSpace 

using default settings. Sequence analysis was performed in R (version 4.1.0) with open-

source software package DADA2 (version 1.16.0) (266, 311). Each sequencing batch was 

processed separately until chimera removal. For each batch, the quality of the raw paired-

end reads was visualized and used to determine the appropriate truncation of read 1 (R1) 
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by 10 bp and read 2 (R2) by 50 bp. After truncation, reads were discarded if they 

contained more than 2 maxEE “expected errors” or a quality score of less than or equal to 

2. Following, each quality-filtered and trimmed read was processed independently by 

applying the trained DADA2 algorithm. The reads were then merged with a minimum 

overlap of 20 bp. After merging, both sequencing batches were combined, and chimeras 

were removed using the consensus method with default settings. Taxonomy was assigned 

in DADA2 using the native implementation of the naive Bayesian classifier using the 

Silva v.38 database. A count table and taxonomy file were created and used for 

downstream analysis. Lungs and intestine / fecal samples were analyzed separately. In the 

lungs, a total of 843,402 reads with an average of 52,712 reads/sample were generated 

(S10A Fig). For the intestine/fecal samples, a total of 5,203,820 reads with an average of 

58,469 reads/sample were generated (S10A Fig). Samples were then filtered to remove 

amplicon sequence variants (ASV) with non-classified phylum or classified as 

Chloroplast or Mitochondria using RStudio (version 2022.02.0) (269). Further, ASV 

found in less than 5% of samples and had a total abundance of fewer than 10 reads were 

removed to avoid potential contaminants in diversity estimates. Post-filtering, an average 

of 49,290 reads / sample were generated for lung samples, 60,329 reads / sample for 

duodenum samples, 68,703 reads / sample for ileum samples, 52,636 reads / sample for 

cecum samples, and 49,809 reads / sample for fecal samples. Negative controls, including 

an extraction blank and a PCR blank, resulted in an average of 2 reads/sample (Fig 5.1A).  
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Bioinformatic Analysis 

Alpha diversity, examined by the observed number of ASV and Shannon 

diversity, was calculated using rarified counts using phyloseq (version 1.38.0) (271). 

Briefly, lung samples were rarified to 13,306 reads, and intestine/feces samples were 

rarified to 27,020 reads using command rrarefy in the vegan package (version 2.5.7) 

(272). Rarefaction plots were generated using phyloseq.extended package (version 

0.1.1.6) and edited using ggplot2 package (version 3.3.5) (273). Rarefaction curves 

showed a similar number of observed species among the reads, suggesting adequate 

coverage (Fig 5.1B). The rarified counts were then imported into phyloseq, and diversity 

indexes were calculated using command estimate richness. Results were graphed using 

ggpubr package (version 0.4.0) (274). Statistical comparison across groups was 

performed using the Kruskal-Wallis, while the Wilcox rank test with Bonferroni 

correction was used for pair-wise comparisons. 

Regarding beta diversity, a non-metric multidimensional scaling (NMDS) plot 

showing unweighted Jaccard and weighted Bray-Curtis dissimilarity metrics were 

calculated with 3 dimensions, a maximum of 500 random starts and 999 maximum 

iterations using the rarified count data. NMDS plots and ellipses based upon the standard 

deviation were illustrated using ‘ordiellipse’ from the vegan package. Beta diversity 

distances displayed in boxplots for comparison of within and across group distance 

metrics were created by calculating distances in vegan and then plotting using the ggplot2 

package. Statistical pair-wise comparisons among groups were performed using the 

Wilcox rank test with Bonferroni correction. Multivariate statistics analysis, including 
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permutational multivariate analysis of variance (PERMANOVA), were calculated using 

beta diversity distances with 1,000 permutations using vegan.  

Relative abundances at the phylum and lowest classified level were generated 

using phyloseq. For the phylum taxonomic barplot, ASVs were agglomerated to the 

phylum level and then transformed into relative abundances using phyloseq. For the 

taxonomic barplot incorporating the lowest classification, relative abundances were 

calculated using phyloseq, and taxa with an overall prevalence of less than 1% were 

grouped. Differential analysis among groups of taxa at the genus level was performed 

using DeSeq2 (version 1.34.0), ALDEx2 (version 1.26.0), and linear discriminant 

analysis effect size (LEfSe) (275, 312-314). ASVs in less than 20% of samples with a 

total abundance of fewer than 10 reads were removed for all differential analyses. For 

Deseq2 analysis, counts with an added value of +1, used to account for 0, were inputted, 

and a p-value of < 0.01 from the Wald test with Benjamini-Hochberg correction was 

considered significant. For ALDEx2 analysis, counts with an added value of +1 were 

inputted, and a p-value of < 0.05 from Welch’s t-test with Benjamini-Hochberg 

correction was considered significant. For LEfSE analysis, rarified counts were inputted, 

and a p-value < 0.05 was considered significant. The p-value threshold used to determine 

significance for results produced in Deseq2 was more strict because of the high standard 

error than ALDEx2 and LEfSE. Relative abundances were also visualized using a 

heatmap of the differential taxa using ggplot2. Correlation analysis was performed to 

understand better the relationship between taxa and different viral infection factors. 

Spearman correlation analysis was calculated by performing a log10 + 1 transformation 

on filtered count data and then calculated using the function ‘associate’ from the 
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microbiome package. The final plots were combined using Prism (v 9.1.0). Scripts used 

for analysis can be found on github at https://github.com/brittanyaseibert/Seibertetal 

_SARS2FLUAV_AgedGSH. 

 

Graphs/Statistical analyses 

Data analyses and graphs were performed using GraphPad Prism software version 

9.3 (GraphPad Software Inc., San Diego, CA). Graphs were edited using PDF Expert 

(Readdle Inc, Odesa, Ukraine) and Affinity Photo (Serif, West Bridgford, United 

Kingdom).  

 

Data availability 

The 16S sequencing data set was deposited under BioProject PRJNA848775. 

 

Results 

SARS2 infection in 14 months old GSH led to high viral loads, enhanced pathology, and 

consistent weight loss 

GSHs were divided into 3 groups: SARS2 GSHs were challenged intranasally 

with 1 x 105 TCID50/hamster of SARS2 while FLUAV-SARS2 GSHs were pre-exposed 

to FLUAV (primed twice, 14 days apart at 1 x 105 TCID50/hamster) 13 days before 

SARS2 challenge (as above). FLUAV exposure was used to determine if such treatment 

would affect SARS2 infection, disease progression, and microbiome composition 
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outcomes. The mock GSH group was challenged with 1XPBS. Clinical signs, including 

weight loss, SARS2 shedding and histopathological changes of different tissues were 

analyzed at 3 and 6 dpc (Fig 5.2A). Assessment of humoral responses against FLUAV 

obtained on 1 day prior to SARS2 challenge (27 days post 1st FLUAV dose) revealed 

antibody responses (hemagglutination inhibition (HAI) and enzyme-linked 

immunosorbent assay (ELISA)) below the limit of detection suggesting that inoculation 

of FLUAV in GSH led to restricted and/or abortive FLUAV replication. Therefore, the 

effects, if any, of prior-FLUAV exposure in GSH challenged with SARS2 would likely 

not be related to stimulation of antibody responses. After SARS2 challenge, the GSHs 

experienced clinical signs consistent with virus infection regardless of prior-FLUAV 

exposure starting at 2 dpc (SARS2: range 1.15 – 6.5% and FLUAV-SARS2: range 1.19 – 

7.4%) and continued to deteriorate until 6 dpc when the study was terminated (SARS2: 

range 7.7 - 10.2% and FLUAV-SARS2: range 4.3 – 11.7%) (Fig 5.2B). Overall, a 

significant weight loss was observed upon SARS2 challenge regardless of previous 

FLUAV exposure. 

 In addition to weight loss, high SARS2 vRNA loads were detected from the NT, 

trachea, and lungs in both the SARS2 and FLUAV-SARS2 groups with no statistically 

significant differences at 3 and 6 dpc (Fig 5.2C and 1D). The exception was on vRNA 

load data from NT at 6 dpc, where statistically significant higher viral loads were 

detected in the SARS2 group (p = 0.0038; Two-way ANOVA). Further, 2 out of 3 

trachea samples and 1 out of 3 lung samples had vRNA loads below limit of detection in 

the FLUAV-SARS group at 6 dpc. Notably at 3 dpc, vRNA loads were detected in the 

heart from the SARS2 group, but not from the FLUAV-SARS2 group (p = 0.0096; Two-
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Way ANOVA). Low to undetectable vRNA loads were observed in the brain and 

intestine (duodenum, ileum, and cecum) at both 3 and 6 dpc in both the SARS2 and 

FLUAV-SARS2 challenged groups. Collectively, SARS2 challenge resulted in elevated 

vRNA loads in respiratory tissues and heart while FLUAV pre-exposure led to reduced 

SARS2 vRNA within the NT (at 6 dpc) and the heart (at 3 dpc). These observations 

suggest that prior FLUAV exposure led to a potential antiviral state that limited and/or 

delayed SARS2 replication in aged GSHs. 

Histopathological analysis of GSH groups revealed that the organs most affected 

upon infection were the NT, lungs, tracheas, and large intestine. Overall, lesions appeared 

slightly more pronounced in the FLUAV-SARS2 GSH, with a few exceptions (Table 

5.1). In both SARS2 challenged groups, lesions in the NT were more prominent at 3 dpc 

(Fig 5.3A-B) than at 6 dpc (Fig 5.3D-E). These ranged from mild-moderate to moderate-

severe, multifocal, acute-subacute suppurative rhinitis with rare syncytia formation and 

abundant intraluminal catarrhal to fibrinosuppurative exudate deposition. Within both 

groups, variable amounts of intracytoplasmic virus antigen immunolabeling was present 

in epithelial cells (Fig 5.4A-F). 

Tracheas presented minimal variations of findings between challenged groups at 

given time points. Scores were higher at 3 dpc (Fig 5.3G-H) versus at 6 dpc (Fig 5.3J-K), 

and lesions consisted of mild to moderate, multifocal, acute-subacute neutrophilic and 

histiocytic tracheitis with intraluminal muco-catarrhal exudate formation. No syncytia 

were found in any of these sections. 

At 3 dpc, pulmonary lesions were overall milder in SARS2 GSH than in FLUAV-

SARS2 GSH (Fig 5.3M-N and Table 5.1). In both SARS2 challenged groups, lesions 
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were centered on the bronchi and bronchioles. They predominantly consisted of mild-

moderate (Fig 5.3M) and moderate-severe (Fig 5.3N) multifocal, acute suppurative 

bronchitis/bronchiolitis with intraluminal exudate deposition. Syncytia were rarely 

observed in the bronchial respiratory epithelium at 3 dpc. At this time, peribronchial 

inflammation was mild, whereas perivascular cuffing and pulmonary vascular 

endothelialitis were accompanied by rare intravascular thrombi. Further, moderate 

amounts of virus antigen were present in bronchiolar epithelium and intraluminal necrotic 

cellular debris (Fig 5.4G-H). At 6 dpc more severe pulmonary lesion scores were 

observed in the SARS2 group than in FLUAV-SARS2 group. These consisted of 

moderate to severe, multifocal to diffuse, subacute interstitial pneumonia with marked 

alveolar proliferation of cuboidal epithelial cells (pneumocytes type II), replacing the 

necrotic pneumocytes type I (Fig 5.3P-Q). Pneumocytes type II often presented 

karyomegaly and multinucleation (syncytia). Alveoli were often collapsed or filled with 

hemorrhagic and suppurative exudate. Moderate multifocal, acute fibrinosuppurative 

pleuritis was observed mostly in the FLUAV-SARS2 group at 6 dpc. However, 

intracytoplasmic virus antigen staining was scarce at 6 dpc compared to 3 dpc (Fig 5.4J-

K). 

In the sections of small intestines, the inflammation was generally minimal and 

present in all groups, including the mock challenged, at both timepoints. Only in the 

SARS2 challenged groups, small numbers of eosinophils were migrating to the 

enterocyte lining (Fig 5.5A-E) and associated with mild non-specific lesions to the villi. 

Variable numbers of intraluminal protozoa and mixed bacteria appeared subjectively 
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increased in the challenged GSHs. Protozoal morphologic features were mostly 

compatible with Giardia muris (Fig 5.5E – insert).  

Typhlocolitis was more pronounced within the large intestine in the FLUAV-

SARS2 GSH than in SARS2 GSH at both timepoints. Enterocytes were degenerating, 

sloughing into the lumen or within the glands, and were colonized by moderate numbers 

of mixed coccobacilli and filamentous bacteria. Especially in the challenged groups, there 

was a visible increase in Entamoeba muris and bacteria numbers (Fig 5.5G, I, and L – 

inserts). 

Findings in the brain were inconsistent. Only 2 GSHs presented evidence of mild 

suppurative meningitis, one in SARS2 group and one in the FLUAV-SARS2 group at 

different time points (Table 5.2). No significant findings were observed in the heart 

sections in any group and timepoints. These results suggest that in the absence of 

FLUAV-pre-exposure, increased pulmonary lesions were seen in the later part of 

infection after SARS2 challenge. In contrast, FLUAV pre-exposure led to exacerbated 

pathological scores in the NT and lungs early after SARS2 challenge. FLUAV pre-

exposure also led to more pronounced lesions in the cecum throughout infection after 

SARS2 challenge. 

 

SARS2 challenge and FLUAV pre-exposure alters the composition of the lung microbiota 

in aged GSHs.  

To characterize the lung microbiome, we sequenced the V4 region of 16S rRNA 

genes amplified from lung homogenates collected at 3 and 6 dpc. Alpha diversity 
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(observed number of amplicon sequence variants (ASV’s)) and Shannon diversity 

showed a trend towards an increased number of ASVs and diversity following SARS2 

challenge, particularly in the FLUAV-SARS2 group; however, no significant differences 

were observed among the SARS2 challenged groups and mock when dpc were combined 

(Fig 5.6A). To determine changes in the lung microbial composition after SARS2 

challenge, we analyzed beta diversity using unweighted Jaccard and weighted Bray-

Curtis’s dissimilarity metrics through non-metric multidimensional scaling (NMDS) 

ordination. Both ordinations showed clustering by group (R2= 0.22, p = 0.0030; 

PERMANOVA) and dpc (R2= 0.096, p = 0.025; PERMANOVA), though the interaction 

between the terms was not significant (Fig 5.6B and Fig 5.7A). The dissimilarity distance 

between the two SARS2 challenged groups and the mock was larger than the distance 

between the two challenged groups (FLUAV-SARS2: p < 0.0001 and SARS2: p = 

0.00027; Wilcox) (Fig 5.6C).  When analyzing the dispersion within the treatment groups 

using the unweighted and weighted distances, both groups challenged with SARS2 had 

lower intra-group variation than the mock (FLUAV-SARS2: p =0.015 and SARS2: p = 

0.037; Wilcox); however, the difference in sample size could explain the results (Fig 

5.6C and Fig 5.7B Fig). Overall, SARS2 challenge impacts the diversity within the lung 

microbial dynamics through changes in the relative abundance of different microbes, 

while prior FLUAV exposure amplified these changes. 

At the phylum level, the lung microbiota was dominated by Bacteroidota 

(Bacteroidetes) (mean (x̄): 38.68%) and Firmicutes (x̄: 32.50%) in all three groups when 

both dpc were combined (Fig 5.6D). Prominently, the abundance of Fusobacteriota (x̄: 

SARS2: 6.57%, FLUAV-SARS2: 6.98%, mock: 0.60%) and Proteobacteria (x̄: SARS2: 
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25.79%, FLUAV-SARS2: 22.54%, mock: 2.6%) increased in the SARS2 challenged 

GSHs plausibly at the expense of Firmicutes (x̄: SARS2: 23.76%, FLUAV-SARS2: 

28.87%, mock: 58.44%). A difference in relative abundance was also observed at lower 

taxonomic levels. Strikingly, a large increase in the relative abundance of Haemophilus 

was observed at 3 dpc (x̄: SARS2: 40.96%, FLUAV-SARS2: 24.74%, mock: 0%) and 6 

dpc (x̄: SARS2: 15.49%, FLUAV-SARS2: 15.23%, mock: 0%) in both SARS2 

challenged groups, consistent with overall increase of Proteobacteria (Fig 5.6E). While 

the cumulative Haemophilus relative abundance was similar at 6 dpc among the 

challenged groups, a higher prevalence of the genera was observed in FLUAV-SARS2 

GSH (4/4) compared to SARS2 GSH (1/3). Increased relative abundances of Prevotella 7 

(x̄: SARS2: 5.93%, FLUAV-SARS2: 4.14%, mock: 0%), Streptococcus (x̄: SARS2: 

5.85%, FLUAV-SARS2: 2.24%, mock: 0%), Johnsonella (x̄: SARS2: 1.45%, FLUAV-

SARS2: 2.01%, mock: 0%), and Fusobacterium (x̄: SARS2: 8.54%, FLUAV-SARS2: 

9.31%, mock: 0%) were also observed in both SARS2 challenged groups compared to the 

mock (Fig 5.6E).  

We performed differential abundance testing at the genus level using three 

programs, DeSeq2, linear discriminant analysis effect size (LefSE), and ALDEx2. At the 

genus level, Campylobacter, Fusobacterium, Haemophilus, and Moraxella were 

identified as significantly enriched within the SARS2 group compared to the mock 

controls by 2 of 3 (Deseq2 and LefSE) differential analyses (Fig 5.8A and Table 5.3). 

Prevotella 7, Johnsonella, Streptococcus, Fusobacterium, and Haemophilus were 

identified as significantly enriched within the FLUAV-SARS2 GSHs in comparison with 

mock-challenge animals (Fig 5.8B and Table 5.3). Other taxa were considered significant 



 

157 

 

in each group but were only identified in 1 of 3 differential analyses (Fig 5.9). In contrast, 

no genera were considered significantly different in at least 2/3 differential analysis when 

comparing SARS2 and FLUAV-SARS2 GSHs (Table 5.3 and Fig 5.9E-G). Collectively, 

SARS2 challenge with and without prior FLUAV exposure impacts the microbiota by 

enriching opportunistic pathogens; however, previous FLUAV exposure partially 

modulates this phenomenon with enrichment of Haemophilus later (6 dpc) in SARS2 

infection.  

 

Altered composition of the lung microbiota correlates with SARS2 vRNA loads and 

pathology.  

We examined the association of multiple genera and unclassified families to 

SARS2 vRNA loads and pathology scores using Spearman correlation. Prevotella 7, 

Fusobacterium, and Haemophilus positively correlated with SARS2 challenge while 

Prevotellaceae UCG-003 and Anaerococcus positively correlated with FLUAV pre-

exposure (Fig 5.8C). Escherichia-Shigella negatively correlated with SARS2 challenge. 

We also observed a strong correlation between several bacterial taxa and SARS2 vRNA 

load in tissues, particularly within the respiratory tract (Fig 5.8C). For instance, 

Rikenellaceae RC9 gut group, Johnsonella, Lachnoclostridium, and Dialister positively 

correlated with increased vRNA in the NT while Olsonella, Solobacterium, and 

Fenollaria positively correlated with increased vRNA in the lungs. Within the trachea 

and the lungs, Escherichia-Shigella negatively correlated with vRNA loads. In non-

respiratory tissues, Moraxella positively correlated with increased vRNA in the heart, and 

Rikenellaceae RC9 gut group and Actinobacillus positively correlated with increased 
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vRNA in the cecum. On the other hand, Anaerococcus negatively correlated with vRNA 

in the ileum.  

Strong correlations were also observed between several bacterial taxa and 

histopathological scores (Fig 5.8C, Table 5.1, and Table 5.2). Prevotella 7 and 

Haemophilus positively correlated with more severe pathology scores in the NT and 

trachea. Actinomyces, Bifidobacterium, Streptococcus, and UCG-005 positively 

correlated with more severe pathology scores in the NT, and Actinomyces, 

Staphylococcus, Peptoniphilus, and Moraxella in the trachea. Within the lungs, 

Fusobacterium positively correlated with more severe pathology while Escherichia-

Shigella negatively correlated with increased severity in the trachea and the lungs. In 

non-respiratory tissues, unclassified Actinomycetaceae positively correlated with more 

severe pathology in the brain, while no genera were found to correlate with severity of 

the cecum. Correlations among the heart and SI pathology were not determined since the 

pathological score was the same for all GSH groups (Table 5.2).  

 

SARS2 challenge and FLUAV pre-exposure alters the intestine and fecal microbiota 

composition in aged GSHs.  

The V4 region of 16S rRNA genes amplified from the SI (duodenum and ileum), 

large intestine (cecum), and feces collected at 3 and 6 dpc was sequenced and analyzed. 

Fecal samples from 1 day before challenge (-1 dpc) were analyzed as a separate pre-

challenge group (Fig 5.2A). Rarefaction curves of alpha diversity (observed number of 

ASV) and Shannon diversity showed adequate coverage and no significant differences 
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among the groups when both dpc were combined; however, a difference in observed 

species among the sample sites was apparent (Fig 5.10A, B and Fig 5.11A). The cecum 

had the highest number of ASVs, followed by feces, ileum, and duodenum (Fig 5.10B). 

When analyzing the effect of FLUAV exposure on pre-challenge fecal samples, no 

significant alpha diversity differences were observed (Fig 5.11B). For downstream 

analysis, the duodenum and ileum samples were combined to encompass the SI. Beta 

diversity using NMDS ordination plots showed limited clustering of groups in 

unweighted (Jaccard) and weighted (Bray-Curtis) dissimilarity metrics (Fig 5.12); 

however, PERMANOVA analysis showed significant differences by group in the SI (R2 

= 0.12, p<0.001) and feces (R2 = 0.14, p<0.001) but not within the cecum. There was 

also considerable overlap among the pre-exposed FLUAV GSH and mock GSH when 

analyzing the pre-challenge fecal samples (Fig 5.12G-H). When analyzing the inter-

variation among the groups, the dissimilarity distance was similar within the SI and the 

cecum (Fig 5.13A-B). The SARS2 GSHs had lower intra-group variation than the mock 

challenged GSHs in the feces but not considered statistically significant (Fig 5.10C). Also 

in the feces, the dissimilarity distance comparing both SARS2 challenged groups to the 

mock was larger than the distance between the comparison of SARS2 versus FLUAV-

SARS2 (p < 0.001; Wilcox) (Fig 5.10C). The distance between SARS2 challenged GSH 

and pre-challenge was not significantly different from the distance between SARS2 and 

FLUAV-SARS2 GSH (p = 1; Wilcox) but was significantly different from the 

comparisons with the mock (SARS2: p = 0.0033 and FLUAV-SARS2: p =0.0024; 

Wilcox). These findings suggest that the fecal microbiome composition of aged GSH 

challenged with SARS2 differs from the mock challenged GSH; however, the difference 
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detected among the groups could be partially explained by intra-individual variations 

observed in the pre-challenge fecal samples.  

At the phylum level, the intestinal and fecal microbiota were dominated by 

Bacteroidota (x̄: 44-74%) and Firmicutes (x̄: 20-40%) in all groups and sample sites (Fig 

5.13C). However, relative abundance differences were observed at lower taxonomic 

levels among the different sample sites. The duodenum and ileum shared similar 

taxonomic profiles that were distinct from the cecum and fecal samples; however, 

unclassified Muribaculaceae (x̄: 56.69%) was the most prominent family among sample 

sites and groups when both dpc were combined (Fig 5.10D and Fig 5.13D). Markedly, 

decreased abundance of Allobaculum within both SARS2 groups was observed in the SI 

(x̄: SARS2: 6.72%, FLUAV-SARS2: 3.19%, mock: 12.88%), cecum (x̄: SARS2: 0.70%, 

FLUAV-SARS2: 0.61%, mock: 2.8%), and feces (x̄: SARS2: 4.50%, FLUAV-SARS2: 

4.23%, mock: 7.36%). Within the SI, Streptococcus (x̄: SARS2: 2.42%, FLUAV-SARS2: 

1.63%, mock: 0.0040%) and unclassified Erysipelotrichaceae, notably at 3 dpc, (x̄: 

SARS2 3 dpc: 9.704%, 6 dpc: 6.58%; FLUAV-SARS2 3 dpc: 8.04%, 6 dpc: 4.88%; 

mock 3 dpc: 3.20%, 6 dpc: 2.0%) were enriched while Desulfovibrio (x̄: SARS2: 1.39%, 

FLUAV-SARS2: 1.08%, mock: 3.30%) was reduced within both groups of SARS2 

challenged GSH. Taxa enriched within the cecum in SARS2 challenged GSH included 

Prevotellaceae UCG-003 (x: SARS2: 3.03%, FLUAV-SARS2: 2.67%, mock: 0.11%), 

Helicobacter (x̄: SARS2: 3.47%, FLUAV-SARS2: 4.03%, mock: 1.81%), Mucispirillum 

(x̄: SARS2: 2.46%, FLUAV-SARS2: 2.18%, mock: 0.55%) and unclassified 

Spirochaetaceae (x̄: SARS2: 6.42%, FLUAV-SARS2: 4.56%, mock: 0.02%) while 

Treponema (x̄: SARS2: 0.068%, FLUAV-SARS2: 0.065%, mock: 3.76%) was decreased 
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in both challenged groups compared to the mock. Within the feces, Ileibacterium (x̄: 

SARS2: 7.55%, FLUAV-SARS2: 6.47%, mock: 3.02%, Pre-challenge: 2.46%), 

unclassified Erysipelotrichaceae (x̄: SARS2: 3.14%, FLUAV-SARS2: 1.92%, mock: 

0.86%, Pre-challenge: 0.88%), and unclassified Eubacteriaceae (x̄: SARS2: 7.13%, 

FLUAV-SARS2: 4.64%, mock: 0.94%, Pre-challenge: 1.66%) were enriched while 

unclassified Lachnospiraceae (x̄: SARS2: 1.04%, FLUAV-SARS2: 0.75%, Pock: 3.53%, 

Pre-challenge: 1.89%) was reduced in both challenged groups compared to the mock. 

Multiple taxa were identified as differentially enriched or reduced within the 

different groups in at least 2 out of 3 differential analyses when sample types were 

combined (Table 5.4 and Fig 5.14). Genera including Prevotella, Fibrobacter, and 

unclassified Spirochaetaceae within the SI and UCG-005 and unclassified 

Spirochaetaceae within the cecum were differentially enriched in the FLUAV-SARS2 

group versus mock challenge GSH (Table 5.5). No genera were considered differentially 

enriched in the SARS2 group when compared to the mock within the SI and cecum. On 

the other hand, Allobaculum, unclassified Prevotellaceae and Mycoplasma within the SI 

and unclassified Prevotellaceae and Allobaculum within the cecum were differentially 

enriched in the mock challenged GSH compared to both SARS2 challenged groups. 

While comparing SARS2 GSH and FLUAV-SARS2 GSH, Fibrobacter, unclassified 

[Eubacterium] coprostanoligenes group, and unclassified Spirochaetaceae within the SI 

and Fibrobacter and UCG-005 within the cecum were differentially enriched in FLUAV-

SARS2 GSH. Within the feces, Elusimicrobium and unclassified Spriochaetaceae were 

differentially enriched in the SARS2 group while Parabacteroides, Elusimicrobium, 

Christensenellaceae R-7 group, NK4A214 group, UCG-005, and unclassified 
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Spirochaetaceae were enriched in the FLUAV pre-exposed GSHs when compared to the 

mock. Unclassified Prevotellaceae, Ligilactobacillus, and unclassified Lachnospiraceae 

were differentially enriched in the mock. Compared to their respective pre-challenge 

feces, Bifidobacterium, Allobaculum, Ileibacterium, Faecalibaculum, and unclassified 

Eubacteriaceae were differentially enriched after SARS2 challenge, while an increase of 

Prevotella abundance was observed in the pre-challenge samples (Table 5.6). No 

significant taxa were observed when comparing the FLUAV-SARS2 feces and their 

respective pre-challenge samples in at least 2/3 differential analysis (Table 5.6). When 

comparing the two SARS2 challenge groups, Anaerostipes was enriched in the SARS2 

GSHs while Fibrobacter and UCG-005 were enriched in FLUAV-SARS2 GSHs. When 

analyzing the effect of FLUAV exposure prior to SARS2 challenge, Anaerostipes was 

enriched within the mock pre-exposed GSH (Table 5.6). Overall, SARS2 respiratory 

infection in aged GSH with and without prior FLUAV exposure led to enhanced gut 

dysbiosis.  

We further examined the association of genera and unclassified families to vRNA 

loads and pathology scores. Correlations among the heart and SI pathology were removed 

since the pathological score was the same for all GSH. We initially observed strong 

correlations among several bacterial taxa and the sample site (Fig 5.15). However, when 

sample sites were analyzed separately, multiple genera, especially in the cecum and 

feces, had strong correlations among different infection factors, particularly with FLUAV 

pre-exposure and more severe pathology scores in the cecum (Fig 5.16). Taxa such as 

Coxiella in the SI, UCG-005, and Fibrobacter in the cecum and feces positively 

correlated with FLUAV exposure before SARS2 challenge, while Peptococcus in the 
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cecum and Lachnoclostridium in the feces negatively correlated with FLUAV pre-

exposure. Interestingly, Bacteroidales RF16 group, Oscillibacter, and multiple other 

genera within the SI, Helicobacter and Christensenellaceae R-7 group within the cecum, 

and NK4A214 group within the feces positively correlated with more severe pathology in 

the cecum (Fig 5.16 and Table 5.2). Meanwhile, Bifidobacterium in the SI, Fournierella 

and unclassified Bifidobacteriaceae and Christensenellaceae in the cecum, and 

unclassified Bifidobacteriaceae and Allobaculum in the feces negatively correlated with 

more severe pathology in the cecum. Other taxa were also strongly associated with other 

infection factors such as vRNA loads and histopathology in the respiratory tissues, 

particularly bacteria identified in the cecum. Overall, several bacteria were enriched 

among the different groups and correlated with vRNA loads and pathology, suggesting 

that intestinal microbes may play a role in disease pathology such as severity of lesions 

within the cecum during respiratory viral infection. 

 

Discussion  

The present study uses an aged GSH model (14-months-old) to understand the 

pathobiology and respiratory/intestinal microbiota changes after SARS2 infection with 

and without previous FLUAV exposure. To our knowledge, there have been no previous 

studies that investigated the effect of SARS2 infection in 14-month aged GSH and how 

prior FLUAV exposure may affect the pathogenesis within this population subset. 

Investigating the interplay between FLUAV pre-exposure and SARS2 in the elderly 

population is imperative as FLUAV H1N1 was the most common detected co-infecting 
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virus with SARS2, and patients with viral co-infection had more severe symptoms and 

required ICU admission in a recent study (315).  

Aging has been shown to affect the immune response leading to increased 

susceptibility to infections (316). Understanding the effect of FLUAV pre-exposure to 

COVID-19 in the aging population is beneficial as seasonal influenza viruses are one of 

the most prevalent causes of morbidity and mortality in the elderly (317). In this old-age 

GSH model utilized within this study, SARS2 infection led to weight loss starting at 2 

dpc and high vRNA loads in the NT, trachea, lungs, and heart at 3 and 6 dpc. This is 

consistent with previous studies using aged GSH at 7-9 months showing peak weight loss 

at 6 to 7 dpc (205, 297, 298). SARS2 and FLUAV-SARS2 GSHs had similar vRNA 

loads for respiratory and non-respiratory tissues except for significantly increased vRNA 

loads in the heart at 3 dpc and the NTs at 6 dpc in GSHs exposed to SARS2 only. 

Comparably, similar SARS2 vRNA loads within respiratory tissues between 6–8-weeks 

old GSHs infected with SARS2 and co-infected with FLUAV (PR8) H1N1 were 

observed at 4 dpc (293). While we observed a reduction of vRNA in the NT at 6 dpc, a 

recent report showed that prior IAV infection 14 days before SARS2 infection resulted in 

reduced SARS2 replication in the lung of male 6-8 weeks old GSH (298). High SARS2 

viral loads in respiratory samples, including NT, trachea, and lungs, at early time points, 

were also observed in 8–10-month-old GSH, consistent with our findings (205, 297). 

Here, pulmonary lesions were overall milder in SARS2 GSH than FLUAV-SARS2 GSH 

at 3 dpc, with moderate numbers of inflammatory cells, like what was previously 

observed in GSH co-infected with FLUAV (293). However, more severe lesions were 

observed in SARS2 GSH compared to FLUAV-SARS2 GSH at 6 dpc. The dichotomy of 



 

165 

 

these observations may be explained by faster disease progression and recovery in the 

FLUAV-SARS2 group compared to the SARS2 group or simply sample size effect.  

Dysbiosis of the lung, intestine, and fecal microbiota composition was observed 

after SARS2 challenge with and without FLUAV pre-exposure. Numerous studies have 

reported that viral infections can affect the residential microbial composition and 

abundance within the respiratory tract (reviewed in (301)). In this study, beta diversity 

showed distinct clustering among both SARS2 challenged groups and the mock. 

Consistent with these observations, a previous study analyzing the oropharyngeal 

microbiota in humans showed beta diversity separations corresponding to COVID-19 

severity (318). In contrast, no statistically significant differences in alpha diversity in the 

lower respiratory tract were detected among SARS2 challenged GSHs and the mock 

controls, consistent with observations in the upper and lower respiratory tract of 

COVID19 patients (302, 303, 318).  

The aged GSH lung microbiota was observed to be dominated by Firmicutes and 

Bacteroidetes at the phylum level and Prevotella spp., Veillona spp., and Streptococcus 

spp., at the genus level, which is consistent with previous studies of healthy human lungs 

(301). GSHs challenged with SARS2 exhibited an increased relative abundance of 

Proteobacteria at 3 and 6 dpc. The expansion of Proteobacteria members has previously 

been associated with FLUAV H1N1 infection and has been positively correlated with 

alveolar and systemic inflammation in patients with acute respiratory distress syndrome 

(301, 319). At the genus level, we observed enrichment of predominantly gram-negative 

bacteria within the genus Prevotella 7, Campylobacter, Johnsonella, Fusobacterium, 

Haemophilus, Moraxella, and gram-positive Streptococcus following SARS2 challenge. 
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We also observed a positive correlation between Actinomyces, Bifidobacterium, 

Prevotella 7, and Haemophilus with more severe NT histological scores, while 

Fusobacterium positively correlated with more severe lung scores. Streptococcus 

pneumoniae, Klebsiella pneumoniae, and Haemophilus influenzae are reported among the 

most common bacterial co-infections in COVID-19 patients (320). Haemophilus was also 

previously described as a hallmark of the oropharyngeal microbiome in critically ill 

COVID-19 patients (318). Further, Prevotella spp. have been associated with increased 

inflammation by stimulating epithelial cells to produce IL-6, IL-8, and CCL20, which can 

then prompt recruitment of neutrophils and mucosal Th17 immune responses (321). A 

recent study showed increased TGFβ, IL-17, and neutrophil recruitment within the 

respiratory tract of SARS2 infected aged GSH (40+ weeks) compared to young GSH (6-8 

weeks) (298). Similarly, moderate to large numbers of neutrophils, notably at 6 dpc, were 

also observed within this study by histopathology in both SARS2 groups. Elevated levels 

of neutrophils within the lung are a hallmark of COVID-19 and has been hypothesized to 

contribute to the severe disease pathology observed in aged individuals (298, 322, 323). 

Increased serum levels of IL-6 and IL-8 have also been associated with disease severity 

in COVID-19 adult patients and enrichment of CCL20 has been observed in 

mechanically ventilated patients with COVID-19 (324-326). In contrast, other studies 

showed that bronchoalveolar lavage (BAL) samples of 50-77 years old COVID-19 

positive patients were associated with Acinetobacter, Chryseobacterium, Burkholderia, 

and Enterobacteriaceae, while COVID-19 negative pneumonia patients were associated 

with Prevotella, Campylobacter, Streptococcus, and Haemophilus (194, 302). The 

SARS2 challenged GSHs within this study displayed more similar microbial signatures 
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as observed in pneumonia patients as opposed to SARS2 patients, suggesting that 

bacteria within the genus Prevotella, Campylobacter, Streptococcus, and Haemophilus 

may be associated with a general respiratory disease pathology rather than a specific 

response to SARS2 infection.  

Previous exposure to FLUAV in combination with SARS2 infection led to the 

enrichment of low abundance bacteria such as Prevotella 7, Streptococcus, Johnsonella, 

Fusobacterium, Haemophilus, and Moraxella within the lungs.  Haemophilus was 

enriched in all GSHs at 3 and 6 dpc in the FLUAV-SARS2 group, while it was prevalent 

in only 1 out 3 GSHs at 6 dpc in the SARS2 group. These results suggest that previous 

innate immune response stimulation from FLUAV pre-exposure may influence the 

duration of opportunistic pathogen enrichment such as Haemophilus post-SARS2 

infection. It has also been previously demonstrated that 6-8 week old GSH sustained 

heightened gene expression of interferon-stimulating genes 7 and 14 days post FLUAV 

infection (298). The innate immune response, including macrophages and neutrophils, is 

important for viral clearance but also plays a role in regulating commensal microbes 

(135). For instance, interferon-𝛾 produced during T cell responses to FLUAV infection in 

mice correlated with suppression of phagocytosis by alveolar macrophages leading to the 

inhibition of initial bacterial clearance and the opportunity for secondary bacterial 

infections (327). Respiratory viral infections can also promote bacterial colonization in 

the lower respiratory tract by excessive mucus production, decreased cilia movement, and 

impairment of the innate immune response leading to inefficient bacterial clearance 

resulting in the enrichment of opportunistic pathogens (135).  
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 We also examined the response of the gut microbiota to infection. While previous 

studies in humans have detected vRNA in the intestine and feces correlating with 

occasional reports of gastrointestinal symptoms, we observed very low to no vRNA in the 

small or large intestine of GSH’s, consistent with previous reports (187, 188, 207). 

Numerous studies have also shown that acute and chronic lung diseases induce changes 

in gut microbiota through the gut-lung axis (208, 304). Due to the difficulty accessing 

intestinal samples, most human samples collected for microbiota analysis are fecal 

samples. Within human fecal samples, SARS2 infection has been associated with an 

increased relative abundance of opportunistic bacteria such as Streptococcus, Rothia, 

Veillonella, Erysipelatoclostridium, and Actinomyces while patients infected with 

FLUAV H1N1 was enriched in Enterococcus, Prevotella, Finegoldia, and Peptoniphilus 

(308). Meanwhile, fecal samples from young male GSHs infected with SARS2 displayed 

increased abundance of Oscillospiraceae UCG-007, Helicobacter, Escherichia-Shigella, 

and Parasuturella and decreased abundance of short-chain fatty acid (SCFA)-producing 

Firmicutes such as Ruminoccocus, Lachnospiraceae NK4A136, and Lachnospiraceae 

UCG-001 (328). In accordance with previous studies, we observed enrichment of 

opportunistic bacteria including Streptococcus and Helicobacter in the SI and cecum 

while Lachnospiraceae was decreased in the feces of SARS2 challenged hamsters 

compared to the mock controls. Lachnospiraceae spp. have been previously described to 

produce SCFA, which plays a role in intestinal barrier integrity and modulation of pro-

inflammatory factors, suggesting a beneficial role within a “healthy” gut microbiota 

(329). In addition, increased relative abundance of Mucispirillum, Erysipelotrichaceae, 

and Spirochaetaceae (spirochetosis) was observed within cecum and feces of SARS2 
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challenged GSH with and without FLUAV exposure, in which spp. from these genera 

have been associated with inflammatory gastrointestinal disorders or diarrhea (330-332). 

Ruminococcaceae NK4A214 group, Helicobacter, and Chirstensenellaceae R-7 group 

within the cecum and feces also positively correlated with more severe pathology in the 

cecum and have been previously associated with chronic diseases such as chronic 

obstructive pulmonary disease, colorectal cancer, and ulcers (333-335).   

Interestingly, multiple genera including Bifidobacterium, Allobaculum, 

Ileibacterium, Faecalibaculum, and unclassified Eubacteriaceae were enriched after 

SARS2 challenge compared to their respective pre-challenge fecal samples; however, no 

taxa were considered significantly enriched in the FLUAV exposed GSHs when 

compared to their pre-challenge counterpart. The results suggest that initial stimulation of 

the innate immune response may result in greater changes of the intestinal microbiota 

compared to subsequent immune activations, or differences previously observed among 

the mock and FLUAV-SARS2 GSH can be explained by individual variability. The 

interplay between the gut microbiome and respiratory viral infections is bidirectional 

(135). A respiratory virus infection can induce gut dysbiosis (135); for instance, FLUAV 

infection favors type I interferon immune response which then promotes the outgrowth of 

Proteobacteria (170). Contrastingly, the gut microbiome can also influence the immune 

response against the respiratory pathogen (135); for example, macrophages from mice 

treated with antibiotics to induce depletion of the commensal bacteria exhibit decreased 

responses to type 1 and II interferons and reduced capacity to regulate viral replication 

during FLUAV infection (251).  
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 Several limitations of this study must be noted: Despite the collection of multiple 

tissues for analysis, the study contained a relatively small sample size. And while the 

immune response plays a crucial role during early viral infection and the host microbiota, 

the immune response was not evaluated in this study. Future studies, including the 

analysis of the immune response, are needed to understand the effect of previous 

respiratory virus exposure to SARS2 infection and how the adaptive and innate immune 

response modulates the microbiota at the site of infection or through the gut-lung axis. 

We did not detect antibodies post-FLUAV H1N1 inoculation, which is similar to what 

has been previously observed in 2-3 month old GSHs (336). While a recent study showed 

high viral titers of FLUAV H1N1 in GSHs, the study did not assess antibody titers for 

FLUAV (293).   

In summary, we characterized the pathogenicity and identified respiratory and gut 

microbiota changes during SARS2 infection with and without FLUAV pre-exposure in 

an animal model, emulating in this case, the elderly population. Information on the 

characterization of the lower respiratory tract in the elderly population is limited because 

of the difficulty of accessing samples from patients (304). Because both SARS2 and 

FLUAV notably affect geriatric patients, understanding the disease pathology and the 

effect of the microbiota can potentially lead to the identification of differential host 

markers for disease severity within that demographic. While human BALF and fecal 

samples can be informative, human samples within elderly patients are more challenging 

to collect and tend to be highly variable and impacted by environmental conditions. As 

such, studying the effect of SARS2 infection on the microbiome in animal models in a 

controlled laboratory environment is a valuable alternative.  In our work, specific 
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microbial markers that have been previously reported in co-infections from opportunistic 

pathogens during COVID-19 were identified in the lungs of over aged GSHs challenged 

with SARS2 with and without FLUAV pre-exposure. Microbial changes within the 

different anatomical sections of the intestinal tract were also observed, warranting more 

in-depth studies investigating the complex relationship between the microbiota and 

pathogenicity in SARS2 in elderly patients.  
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Figure 5.1 Sample coverage. (A) Sample coverage measured by the number of reads per sample separated by controls (DNA 

extraction and PCR blanks) and sample. The samples are color-coded by sample type (Lung: blue, Duodenum: pink, Ileum: 

yellow, Cecum: red, and Feces: orange). (B) Rarefaction curve of the lung samples colored by dpc (3 dpc: pink, 6 dpc: green). 

The dashed line (x = 13,306) represents the number of reads each sample was rarified for downstream diversity analyses. 
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Figure 5.2. Experimental design, body weight, and viral loads of aged GSHs post-SARS2 challenge. (A) 14-month female 

GSHs were randomly distributed into 3 groups: SARS2 GSHs were challenged with SARS2 (n = 6), FLUAV-SARS2 GSHs 

were pre-exposed to FLUAV twice and then challenged with SARS2 (n = 7), and mock GSH remained unchallenged (n = 3). 

A subset of GSH (n = 3 group/time point) were humanely euthanized at 3 and 6 dpc, and numerous tissues were collected. 

Feces was collected 1 day before challenge, and then 3 and 6 dpc for the remaining individuals. Illustration created with 

BioRender.com. (B) Weight change was calculated for all groups up to 6 dpc, including SARS2 (red triangles), FLUAV-

SARS2 (blue triangles), and mock (white circles). Viral loads at (C) 3 dpc and (D) 6 dpc from the challenged groups were 

determined by RT-qPCR and conveyed as log10 TCID50 equivalent (TCID50eq) per gram of tissue. Error bars represent the 

mean ± SEM. Statistical analysis was performed by two-way ANOVA with a Dunnett’s multiple comparisons test, * <0.05. 

NT- nasal turbinates, LI – large intestine. 
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Fig 5.3. Histopathologic findings in the different respiratory tissues of SARS2, FLUAV-SARS2, and mock-challenged 

hamsters at given timepoints. (A-F) Nasal turbinates. (G-L) Tracheas. (M-R) Lungs. (A-B) Moderate to severe necrotizing 

rhinitis in the infected hamsters at 3 dpc. The surface epithelium is necrotic, infiltrated by neutrophils and sloughing into the 

lumen (arrowhead). The lumen is filled with abundant intraluminal suppurative exudate (asterisk). (D-E) Rhinitis is still 

present in the infected hamsters at 6 dpc. The epithelium is irregular, with fewer necrotic cells sloughing into the lumen 

(arrowheads). The lumen is filled with abundant intraluminal suppurative exudate (asterisk). (C, F) No significant findings are 

observed in mock hamsters’ nasal turbinates. (G-H) Clusters of neutrophils and lymphocytes are expanding the mucosal 

lamina propria (arrowheads) of infected hamsters’ tracheas at 3 dpc. Occasionally, tracheal glands are dilated by intraluminal 

eosinophilic material (asterisk). (J-K) Similar small mix of neutrophils, macrophages, and lymphocytes (arrowheads) are 

observed in the tracheas of infected hamsters at 6 dpc. (I, L) No significant findings are observed in mock hamsters’ tracheas. 

(M-N) At 3 dpc, the bronchiolar mucosa in infected hamsters is necrotic and sloughing into the lumen (asterisk). Small to 

moderate clusters of neutrophils and lymphocytes are infiltrating the peribronchiolar interstitium and bronchiolar mucosa 

(arrowheads). (P-Q) At 6-dpc, pneumonia is characterized by florid pneumocyte type II hyperplasia following the outline of 

the alveoli (arrows within insert: bottom right corner; HE, 40X), and syncytia. Moderate to large numbers of neutrophils, 

macrophages and lymphocytes are expanding the septa and pouring into the alveoli (arrowheads). (O, R) No significant 

findings are observed in the mock hamsters’ lungs. All H&E images are pictured at 20X magnification. 
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Fig 5.4. Immunohistochemistry staining in respiratory tissues of SARS2, FLUAV-

SARS2, and mock-challenged hamsters at given timepoints. (A-F) Nasal 

turbinates. (G-L) Lungs. (A-B) Variable amounts of intracytoplasmic virus antigen (red) 

immunolabeling is present in epithelial cells in challenged GSH. (D-E) Low levels of 

virus antigen are present in the epithelial cells as evidenced by faint red immunostaining. 

(C, F) No significant virus antigens are observed in mock hamsters’ nasal turbinates. (G-

H) Moderate amounts of virus antigen (red) are present in bronchiolar epithelium and 

intraluminal necrotic cellular debris in challenged GSH. (J-K) The intracytoplasmic virus 

antigen (red) is scarce at this timepoint. (I, L) No significant amount of virus antigen 

(red) immunolabeling are observed in the mock hamsters’ lungs. All 

immunohistochemistry images are at 40X magnification.  
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Figure 5.5. Histopathologic findings in intestinal tissues of SARS2, FLUAV-SARS2, 

and mock-challenged hamsters at given timepoints. (A-F) Small numbers of 

eosinophils, lymphocytes and macrophages are expanding the villi lamina propria 

(arrowheads) regardless of the timepoint and treatment groups. In the infected groups, the 

lacteals are dilated by small amounts of eosinophilic fluid (arrows). Increased numbers of 

protozoa compatible with Giardia spp. (insert) are populating the lumina in most sections. 

(G-H) At 3 dpc, moderate numbers of eosinophils, macrophages, and lymphocytes 

(arrowheads) are expanding the mucosa lamina propria in infected hamsters. The surface 

enterocytes are necrotic and sloughing into the lumen (arrow). The lumina contains 

mixed bacteria (insert) and protozoa. (I) In the mock infected hamsters, only small 

clusters of eosinophils are infiltrating the mucosa (arrowhead). Rare round protozoa 

(insert) are compatible with Entamoeba spp. (J and L) Small numbers of neutrophils 

infiltrate the mucosa lamina propria (arrowhead) in SARS2-only infected hamsters and 

mocks. Intestinal lumina contain mixed bacteria and a few round protozoa (insert) 

compatible with Entamoeba spp. (K) In FLUAV-SARS2 hamsters at 6 dpc, lesions 

recapitulate what is described at 3 dpc. The mucosa is infiltrated by mixed inflammatory 

cells (arrowheads), the glands lumen is dilated by increased bacteria (arrow), and 

enterocytes are sloughing into the lumen. All H&E images are pictured at 20X and inserts 

are at 40X magnification. 
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Figure 5.6. Diversity and taxonomic abundances of the lungs in SARS2, FLUAV-SARS2 and mock-challenged GSH. 

(A) Alpha diversity measure of the observed number of ASVs (left) and Shannon diversity (right) between SARS2 (red), 

FLUAV-SARS2 (blue), and mock (white) containing all dpc from the rarified ASV count table. Multiple group comparisons 

were performed using Kruskal-Wallis, while pair-wise comparisons were conducted using the Wilcox test with Bonferroni 

correction. (B) NMDS plot of unweighted Jaccard dissimilarity distance. The color designates groups (SARS2: red, FLUAV-

SARS2: blue, and mock: black), and dpc is categorized by the shape (3 dpc: circle and 6 dpc: square). Ellipses were 

constructed using the standard deviation. (C) Comparison of unweighted Jaccard dissimilarity distance within each group and 

across multiple comparisons. Intra-group variation is marked with grey shading, while the inter-group comparisons are marked 

gold. Pair-wise comparisons were performed using the Wilcox test with Bonferroni correction. (D) Relative abundances 

agglomerated at the phylum level separated by group and dpc. Phyla in bold are those discussed within the results. (E) Relative 

abundances of each hamster at the lowest taxonomic rank identified separated by group and ordered by dpc. Taxa in bold are 

those discussed within the results. ns: non-significant (p > 0.05); * <0.05, ** < 0.005, *** < 0.0005, **** < 0.00005. 
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Fig 5.7. Beta diversity of the lungs in SARS2, FLUAV-SARS2 and mock-challenged GSH. (A) NMDS plot of weighted 

Bray-Curtis dissimilarity distance of the lung samples. The color designates groups (SARS2: red, FLUAV-SARS2: blue, and 

mock: white) and dpc by the shape (3 dpc: circle and 6 dpc: square). Ellipses were constructed to include all points within the 

group. (B) Comparison of weighted Bray-Curtis dissimilarity distance within each group and across multiple comparisons of 

the lung samples. Intra-group variation is marked grey shading, while the inter-group comparisons are marked gold. Pair-wise 

comparisons were performed using the Wilcox test with Bonferroni correction. 
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Fig 5.8. Differential taxonomic analysis of the lung microbiota in SARS2, FLUAV-SARS2 and mock-challenged GSH. 

(A-B) Cladogram of significantly (p<0.05) abundant taxa between (A) SARS2 (red) and mock (grey) or (B) FLUAV-SARS2 

(blue) and mock (grey) using LEfSe analysis with default parameters. Taxa displayed in bold were significant in at least 2/3 

differential analyses performed (Deseq2, ALDEx2, and LefSE). (C) A heatmap illustrating the spearman correlation among 

different infection factors and the relative abundance of bacterial taxa within the lungs. Correlations among pathology of the 

heart and SI were removed since the pathological score was the same for all GSH. Correlation labels and taxa displayed in bold 

have a spearman correlation value > 0.60 or < -0.60. SARS2 – challenged with SARS2, FLUAV – inoculated with FLUAV 

and then challenged with SARS2 (mock-challenged GSH were not included), NT- nasal turbinates, LI – large intestine.  
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Fig 5.9. Differential taxonomic analysis of the lung microbiota using Deseq2, ALDEx2, and LefSE.  (A, C, E) Bacterial 

taxa identified at different relative abundances between (A) SARS2 (red), and mock (grey) or (C) FLUAV-SARS2 (blue), and 

mock (grey) or (E) SARS2 (red) and FLUAV-SARS2 (blue) groups using DeSeq2. Significantly enriched taxa were plotted 

with log2 fold change and the corresponding standard error estimate. (B, D, F) Effect size plot showing the median log2 fold 

difference (difference between) by the median log2 dispersion (difference within) when comparing (B) SARS2 and mock or 

(D) FLUAV-SARS2 and mock or (F) SARS2 and FLUAV-SARS2. Taxa considered significant by the Wilcox test are shown 

in green, taxa with BH corrected p-values are shown in red, while taxa with an effect size greater than 1.5 are outlined in blue. 

(G) Cladogram showing significantly (p<0.05) abundant taxa between SARS2 (red) and FLUAV-SARS2 (blue) using linear 

discriminant analysis effect size (LEfSe) analysis with default parameters. Taxa are color-coded by phylum, and bold taxa are 

considered significant in at least 2 of the 3 differential analyses performed (Deseq2, ALDEx2, and LefSE). Significant taxa 

using Deseq2 were determined by having a p-value < 0.01, while significant taxa using ALDEx2 and LEfSE were determined 

by having a p-value < 0.05.  
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Fig 5.10. Diversity and taxonomic abundances of the intestine and feces in SARS2, FLUAV-SARS2 and mock-

challenged hamsters. (A) Rarefaction curve of the intestine and fecal samples colored by sample type. The dashed line (x = 

27,020) represents the number of reads each sample was rarified for downstream diversity analyses. (B) The observed number 

of ASVs between FLUAV-SARS2 (red), SARS2 (blue), mock (white), and pre-challenge (grey) containing all dpc of different 

sample types from the rarified ASV count table. Statistical analysis comparing the different groups within each sample type 

was performed using Kruskal-Wallis. (C) Comparison of unweighted Jaccard dissimilarity distance within each group and 

across multiple comparisons in feces. Intra-group variation is marked with grey shading, while the inter-group comparisons are 

colored gold. Pair-wise comparisons were performed using the Wilcox test with Bonferroni correction. Comparisons that are 

not indicated by an asterisk were considered non-significant (p > 0.05). (D) Heatmap of the relative abundances of taxa with a 

relative abundance > 1%. Relative abundances greater than 10% are shown in green. Taxa are color-coded by phylum. Taxa in 

bold are those discussed within the results. * <0.05, ** < 0.005, *** < 0.0005, **** < 0.00005. 
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Fig 5.11. Diversity analysis of the intestine and feces in SARS2, FLUAV-SARS2 and mock-challenged GSH. (A) 

Shannon diversity of the intestinal/fecal samples between FLUAV-SARS2 (red), SARS2 (blue), mock (white), and pre-

challenge (grey) containing all dpc from the rarified ASV count table. Multiple group comparisons were performed using 

Kruskal-Wallis, while pair-wise comparisons were conducted using the Wilcox test with Bonferroni correction. (B) Alpha 

diversity measure of the observed number of ASVs (left) and Shannon diversity (right) between FLUAV exposed (green) and 

mock (purple) pre-challenge fecal samples from the rarified ASV count table. Pair-wise comparisons were conducted using the 

Wilcox test with Bonferroni correction. 
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Fig 5.12. NMDS plots of the intestine and feces in SARS2, FLUAV-SARS2 and mock-challenged GSH. NMDS plot of 

unweighted Jaccard distance (A, C, E, G) and weighted Bray-Curtis (B, C, F, H) dissimilarity distance of the small intestine, 

including the duodenum and ileum (A and B), cecum (C and D) and the feces (E and F). Groups are designated by the color 

(FLUAV-SARS2: red, SARS2: blue, mock: white, pre-challenge: grey) and sample type by the shape (duodenum: circle and 

ileum: square) or dpc by the shape (3 dpc: circle and 6 dpc: square). Ellipses were constructed using the standard deviation. 

Comparison between FLUAV exposure and mock controls when analyzing pre-challenge fecal samples were also compared 

(G and H).  
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Fig 5.13. Beta diversity and taxonomic abundances of the intestine and feces in SARS2, FLUAV-SARS2 and mock-

challenged GSH. Comparison of unweighted Jaccard dissimilarity distance within each group and across multiple 

comparisons in the small intestine, including the duodenum and ileum (A) and the cecum (B). Intra-group variation is marked 

with grey shading, while the inter-group comparisons are colored gold. Pair-wise comparisons were performed using the 

Wilcox test with Bonferroni correction. (C) Relative abundances agglomerated at the phylum level separated by sample type 

and group. (D) Relative abundances of each hamster at the lowest taxonomic rank identified separated by sample type, group, 

and ordered by dpc.  
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Fig 5.14. Differential taxonomic analysis of the intestine and feces microbiota using Deseq2, ALDEx2, and LefSE.  

Bacterial taxa identified at different relative abundances between (A left) FLUAV-SARS2 (red), and mock (grey) or (B left) 

SARS2 (blue), and mock (grey) or (C left) FLUAV-SARS2 (red) and SARS2 (blue) groups using DeSeq2 when all sample 

types (duodenum, ileum, cecum, and feces) were combined. Significantly enriched taxa were plotted with log2 fold change and 

the corresponding standard error estimate. Taxa in bold were those considered significant in at least 2 of the 3 differential 

analyses performed. Effect size plot showing the median log2 fold difference (difference between) by the median log2 

dispersion (difference within) when comparing (A middle) SARS2, and mock or (B middle) FLUAV-SARS2, and mock or (C 

middle) SARS2 and FLUAV-SARS2 when all sample types (duodenum, ileum, cecum, and feces) were combined. Taxa 

considered significant by the Wilcox test are shown in green, taxa considered significant by BH corrected p-values are shown 

in red, while taxa with an effect size greater than 1.5 are outlined in blue. Cladogram showing significantly (p<0.05) abundant 

taxa between (A right) SARS2 (red) and mock (grey) or (B right) FLUAV-SARS2 (blue), and mock (grey) or (C right) SARS2 

(red) and FLUAV-SARS2 (blue) using linear discriminant analysis effect size (LEfSe) analysis with default parameters when 

all sample types (duodenum, ileum, cecum, and feces) were combined. Taxa are color-coded by phylum, and bold taxa are 

considered significant in at least 2 of the 3 differential analyses performed. Significant taxa using Deseq2 were determined by 

having a p-value < 0.01, while significant taxa using ALDEx2 and LEfSE were determined by having a p-value < 0.05. 
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Fig 5.15. Associations between taxa within the intestine/fecal microbiota and 

infection factors A heatmap illustrating the Spearman correlation among different 

infection factors and the relative abundance of bacterial taxa when all sample types 

(duodenum, ileum, cecum, and feces) were combined. Correlations with 

histopathological score in the heart and small intestine were not included. Pre-challenge 

feces were also not included in this analysis. Taxa are color-coded by phylum. 

Correlation labels have a spearman correlation value > 0.60 or < -0.60. FLUAV – 

inoculated with FLUAV and then challenged with SARS-CoV-2 (mock-challenge GSH 

were not included), SARSCoV2 – challenged with SARS-CoV-2, NT- nasal turbinates, 

LI – large intestine. 
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Fig 5.16. Associations between taxa within the intestine and fecal microbiota and infection factors. A heatmap illustrating 

the Spearman correlation among different infection factors and the relative abundance of bacterial taxa within the small 

intestine (duodenum and ileum), cecum and feces. Correlations among pathology of the heart and small intestine were 

removed since the pathological score was the same for all GSH. Taxa are color-coded by phylum. Correlation labels and taxa 

displayed in bold have a spearman correlation value > 0.60 or < -0.60. FLUAV – inoculated with FLUAV and then challenged 

with SARS-CoV-2 (mock-challenged GSH were not included), SARSCoV2 – challenged with SARS-CoV-2, NT- nasal 

turbinates.  
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Table 5.1. H&E pathology scores of respiratory tissues. Subjectively scored tissues (blind) based 

on percentage of the total parenchyma affected by lesions and inflammation as: none (0%), mild; 

<15% (1), mild to moderate; 16-30% (2), moderate; 31-50% (3), moderate to severe 51-75% (4) 

and severe; ≥75% (5). A dash is used to separate the score evaluated for each individual hamster 

separated by group and days post-challenge (dpc). 

 

 

Group dpc Nasal Turbinates Trachea Lung 

SARS2 3 3 / 3 / 3 1 / 2 / 3 2 / 2 / 2 

6 3 / 2 / 3 1 / NA / 1 5 / 4 / 5 

FLUAV-SARS2 3 3 / 4 / 4 1 / 3 / 1 3 / 4 / 3 

6 3 / 2 / 3 / 3 2 / 1 / NA / NA 3 / 4 / 5 / 4 

Mock 3 0 0 0 

6 0 / 0 0 / 0 0 / 0 
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Table 5.2. H&E pathology scores of different tissues. Subjectively scored tissues (blind) based 

on percentage of the total parenchyma affected by lesions and inflammation as: none (0%), mild; 

<15% (1), mild to moderate; 16-30% (2), moderate; 31-50% (3), moderate to severe 51-75% (4) 

and severe; ≥75% (5). A dash is used to separate the score evaluated for each individual hamster 

separated by group and days post challenge (dpc). 

 

 

Group dpc Brain Heart Small Intestine Cecum 

SARS2 
3 0 / 0 / 0 0 / 0 / 0 1 / 1 / 1 1 / 2 / 1 

6 0 / 0 / 1 0 / 0 / 0 1 / 1 / 1 1 / 2 / 1 

FLUAV-SARS2 
3 1 / 0 / 0 0 / 0 / 0 1 / 1 / 1 3 / 1 / 2 

6 0 / 0 / 0 / 0 0 / 0 / 0 / 0 1 / 1 / 1 /1 1 / 1 / 1 / 3 

Mock 
3 0 0 1 1 

6 0 / 0 0 / 0 1 / 1 1 / 1 
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Table 5.3. Taxa considered significant among multiple differential analyses within the lungs. Shown in bold are enriched 

groups that were considered significant in at least 2 of the 3 differential analyses performed. Adjusted p-values are reported: 

Deseq2 (Benjamini-Hochberg adjusted p-value) and ALDEx2 (Benjamini-Hochberg adjusted p-value using Wilcox t-test). p < 

0.05 was considered significant for ALDEx2 and LefSE analysis and p < 0.01 was considered significant for Deseq2 analysis. 

 

 SARS2 v. Mock FLUAV-SARS2 v. Mock SARS2 v. FLUAV-SARS2 

Genus Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE Enriched 

Prevotella_7 0.00096 0.50 > 0.05 SARS2 0.00063 0.33 0.015 
FLUAV-
SARS2 0.97 0.99 > 0.05 NA 

Campylobacter 0.00096 0.51 0.043 SARS2 0.0019 0.48 > 0.05 
FLUAV-
SARS2 0.91 0.93 > 0.05 NA 

Streptococcus 
2.98E-

06 0.97 > 0.05 SARS2 
2.34E-

05 0.97 0.034 
FLUAV-
SARS2 0.79 0.97 > 0.05 NA 

Johnsonella 0.0026 0.67 > 0.05 SARS2 0.0063 0.37 0.015 
FLUAV-
SARS2 0.91 0.99 > 0.05 NA 

Fusobacterium 
9.76E-

07 0.49 0.043 SARS2 
2.81E-

08 0.3 0.015 
FLUAV-
SARS2 0.84 0.98 > 0.05 NA 

Haemophilus 
1.58E-

08 0.50 0.043 SARS2 
6.23E-

14 0.30 0.015 
FLUAV-
SARS2 0.61 0.89 > 0.05 NA 

Moraxella 0.00088 0.51 0.043 SARS2 0.78 0.95 > 0.05 NA 0.098 0.60 > 0.05 NA 
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Table 5.4. Taxa considered significant among multiple differential analyses of SARS-CoV-2 challenged aged Golden Syrian 

hamsters when samples from the intestine and feces were combined. Pre-Challenge group was not included within these 

analyses. Shown in bold are enriched groups that were considered significant in at least 2 of the 3 differential analyses 

performed. Adjusted p-values are reported: Deseq2 (Benjamini-Hochberg adjusted p-value) and ALDEx2 (Benjamini-

Hochberg adjusted p-value using Wilcox t-test). p < 0.05 was considered significant for ALDEx2 and LefSE analysis and p < 

0.01 was considered significant for Deseq2 analysis. 

 SARS2 v. Mock FLUAV-SARS2 v. Mock SARS2 v. FLUAV-SARS2 

Taxa Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE 
Enrich

ed 

Unclassified 
Bifidobacteriaceae 0.95 0.88 > 0.05 NA 0.0034 0.34 > 0.05 NA 1.7E-04 0.16 0.0058 SARS2 

Parabacteroides 0.021 0.20 0.036 SARS2 0.0026 0.11 0.0084 FLUAV-SARS2 0.76 0.86 > 0.05 NA 

Unclassified 
Prevotellaceae 3.8E-33 8.4E-04 4.2E-05 Mock 1.1E-17 4.7E-04 1.8E-04 Mock 0.52 0.81 > 0.05 NA 

Elusimicrobium 3.0E-07 0.037 0.0028 SARS2 4.7E-07 0.0060 2.4E-04 FLUAV-SARS2 0.68 0.92 > 0.05 NA 

Fibrobacter 9.1E-09 0.21 > 0.05 Mock 0.75 0.28 > 0.05 NA 1.7E-04 3.7E-05 5.1E-06 

FLUAV
-

SARS2 

Allobaculum 0.33 0.34 0.036 NA 0.0025 0.034 7.2E-04 Mock 0.067 0.60 0.033 NA 

Anaerostipes 2.2E-07 0.34 0.017 SARS2 0.69 0.86 0.027 FLUAV-SARS2 3.4E-15 0.36 > 0.05 SARS2 

Christensenellaceae R-

7 group 0.044 0.38 0.045 SARS2 6.4E-05 0.94 0.0060 FLUAV-SARS2 0.85 0.77 > 0.05 NA 

Ligilactobacillus 1.0E-07 0.14 0.0048 Mock 5.9E-05 0.023 7.6E-04 Mock 0.92 0.75 > 0.05 NA 

Mycoplasma 4.5E-05 0.07 0.0059 Mock 0.46 0.17 > 0.05 NA 0.25 0.67 > 0.05 NA 

UCG-005 0.44 0.29 > 0.05 NA 6.3E-07 0.034 0.0065 FLUAV-SARS2 1.4E-08 0.25 0.024 

FLUAV
-

SARS2 

Unclassified 

Eubacteriaceae 0.064 0.029 1.3E-04 SARS2 0.85 0.040 > 0.05 NA 0.029 0.59 0.0068 SARS2 

Unclassified 

Lachnospiraceae 9.1E-05 0.34 > 0.05 Mock 3.5E-08 0.19 0.041 Mock 0.26 0.84 > 0.05 NA 

Coxiella 0.21 0.35 > 0.05 NA 0.040 0.26 > 0.05 FLUAV-SARS2 1.7E-04 0.0088 > 0.05 

FLUAV
-

SARS2 

Unclassified 
Spirochaetaceae 5.2E-05 0.038 0.0015 SARS2 2.1E-15 9.4E-04 5.5E-06 FLUAV-SARS2 0.75 0.62 > 0.05 NA 
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Table 5.5. Taxa considered significant among multiple differential analyses within the different anatomical sites in the intestine 

and feces. Shown in bold are enriched groups that were considered significant in at least 2 of the 3 differential analyses 

performed. Adjusted p-values are reported: Deseq2 (Benjamini-Hochberg adjusted p-value) and ALDEx2 (Benjamini-

Hochberg adjusted p-value using Wilcox t-test). p < 0.05 was considered significant for ALDEx2 and LefSE analysis and p < 

0.01 was considered significant for Deseq2 analysis. 
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 SARS2 v. Mock FLUAV-SARS2 v. Mock SARS2 v. FLUAV-SARS2 

Taxa Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE Enriched 

Small Intestine (Duodenum and Ileum) 

Unclassified 

Bifidobacteriaceae 0.96 0.95 > 0.05 NA 0.035 0.57 > 0.05 Mock 0.0099 0.31 0.027 SARS2 

Prevotella 0.034 0.64 > 0.05 SARS2 0.0022 0.11 0.005 
FLUAV-
SARS2 0.44 0.67 > 0.05 NA 

Unclassified Prevotellaceae 9.47E-06 0.63 0.040 Mock 8.22E-08 0.44 > 0.05 Mock NA 0.82 > 0.05 NA 

Fibrobacter NA 0.85 > 0.05 NA 0.0072 0.45 0.019 
FLUAV-
SARS2 0.0099 0.47 0.037 FLUAV-SARS2 

Allobaculum 0.24 0.50 > 0.05 NA 0.0040 0.1 0.0050 Mock 0.033 0.30 0.011 SARS2 

Mycoplasma 0.008 0.18 0.0065 Mock 0.45 0.45 > 0.05 NA 0.037 0.72 > 0.05 FLUAV-SARS2 

Unclassified [Eubacterium] 
coprostanoligenes group 0.035 0.85 > 0.05 SARS2 0.93 0.94 > 0.05 NA 0.0099 0.46 0.0075 FLUAV-SARS2 

Unclassified 

Spirochaetaceae 0.45 0.89 > 0.05 NA 0.004 0.27 0.0026 
FLUAV-
SARS2 0.0099 0.22 0.0097 FLUAV-SARS2 

Cecum 

Unclassified Prevotellaceae 1.4E-10 0.52 0.011 Mock 7.2E-05 0.45 0.039 Mock 0.74 0.94 > 0.05 NA 

Fibrobacter 0.0077 0.66 > 0.05 NA 0.98 0.97 > 0.05 NA 1.8E-05 0.11 0.0033 FLUAV-SARS2 

Allobaculum 0.0077 0.53 0.02 Mock 0.0089 0.28 0.017 Mock 0.98 0.99 > 0.05 NA 

UCG-005 0.45 0.85 > 0.05 NA 0.010 0.27 0.030 
FLUAV-
SARS2 0.036 0.61 > 0.05 FLUAV-SARS2 

Unclassified 
Spirochaetaceae 1.5E-09 0.59 > 0.05 SARS2 1.2E-09 0.29 0.016 

FLUAV-
SARS2 0.98 1 > 0.05 NA 

Feces 

Parabacteroides 0.036 0.2 > 0.05 SARS2 2.6E-04 0.038 0.0078 
FLUAV-
SARS2 0.75 0.81 > 0.05 NA 

Unclassified Prevotellaceae 4.8E-24 0.034 0.0018 Mock 5.7E-12 0.014 8.7E-04 Mock 0.61 0.86 > 0.05 NA 

Elusimicrobium 4.5E-04 0.17 0.027 SARS2 6.5E-05 0.047 0.0077 
FLUAV-
SARS2 0.96 0.98 > 0.05 NA 

Fibrobracter 2.38E-04 0.21 > 0.05 NA 0.83 0.89 > 0.05 NA 
1.85E-

07 0.049 
4.6E-

04 FLUAV-SARS2 

Ligilactobacillus 0.0053 0.28 0.027 Mock 7.8E-07 0.16 0.016 Mock 0.25 0.78 > 0.05 NA 

Anaerostipes 2.4E-04 0.44 > 0.05 SARS2 0.97 0.73 > 0.05 NA 3.5E-08 0.4 0.047 SARS2 

Christensenellaceae R-7 

group 0.019 0.17 0.022 SARS2 0.0013 0.22 0.015 
FLUAV-
SARS2 0.37 0.92 > 0.05 NA 

NK4A214 group 0.026 0.59 > 0.05 SARS2 1.70E-05 0.094 0.011 
FLUAV-
SARS2 0.89 0.73 > 0.05 NA 

UCG-005 0.95 0.44 > 0.05 NA 0.0019 0.17 0.02 
FLUAV-
SARS2 4.3E-09 0.36 0.02 FLUAV-SARS2 

Unclassified 
Lachnospiraceae 2.3E-04 0.12 0.0063 Mock 1.4E-06 0.015 0.0018 Mock 0.59 0.79 > 0.05 NA 

Unclassified 

Spirochaetaceae 3.7E-04 0.062 0.0078 SARS2 1.36E-06 0.14 0.0097 
FLUAV-
SARS2 0.26 0.79 > 0.05 NA 
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Table 5.6. Taxa considered significant among multiple differential analyses comparing FLUAV pre-exposure to the mock pre-

challenge and post-challenged fecal samples. Shown in bold are enriched groups that were considered significant in at least 2 

of the 3 differential analyses performed. Adjusted p-values are reported: Deseq2 (Benjamini-Hochberg adjusted p-value) and 

ALDEx2 (Benjamini-Hochberg adjusted p-value using Wilcox t-test). p < 0.05 was considered significant for ALDEx2 and 

LefSE analysis and p < 0.01 was considered significant for Deseq2 analysis. 

 

 

 FLUAV Pre-challenge v. Mock Pre-
challenge 

SARS2 v. Pre-challenge FLUAV-SARS2 v. Pre-challenge 

Genus Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE Enriched Deseq2 ALDEx2 LefSE Enriched 

Bifidobacterium 0.92 0.96 > 0.05 NA 2.7E-04 0.09 0.0095 SARS2 0.035 0.45 0.033 NA 

Prevotella 0.75 0.96 > 0.05 NA 0.0080 0.15 0.045 
Pre-

Challenged 
0.92 0.55 > 0.05 NA 

Allobaculum 0.99 0.96 > 0.05 NA 0.0028 0.11 0.025 SARS2 0.55 0.63 > 0.05 NA 

Ileibacterium 0.92 0.99 > 0.05 NA 4.9E-05 0.055 0.0032 SARS2 0.026 0.21 0.0057 
FLUAV-
SARS2 

Faecalibacterium 0.99 NA > 0.05 NA 3.8E-05 0.022 0.0015 SARS2 0.026 0.19 0.0043 
FLUAV-
SARS2 

Anaerostipes 
5.3E-

09 
0.18 

0.001
5 

Mock 0.80 0.65 >0.05 NA 0.0047 0.82 > 0.05 
Pre-

challenge 

Unclassified 
Eubacteriaceae 

0.71 0.98 >0.05 NA 2.3E-07 0.017 >0.05 SARS2 0.28 0.53 0.021 
FLUAV-
SARS2 
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CHAPTER 6 

SUMMARY AND CONCLUSSIONS 

Human respiratory viral infections contribute to yearly morbidity, mortality, and 

economic losses worldwide. These include a broad range of viruses belonging to diverse 

families with unique viral and genomic structures, disease severity, seasonality of 

circulation, mode and efficiency of transmission, and risk factors associated with 

susceptible populations to infection (38). Furthermore, intermittent pandemics can lead to 

millions of deaths and disruption of everyday life and economies worldwide, as 

illustrated in the 2009 influenza pandemic and, more recently, the COVID-19 pandemic 

(38). The main objective of my dissertation was to investigate environmental and host 

factors that impact respiratory virus pathogenesis and transmission in vitro and in vivo. I 

explored these effects using two primary respiratory pathogens: influenza A virus 

(FLUAV) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).  

 Transmission of FLUAV occurs through two main mechanisms, contact or 

airborne transmission. Previous studies reported differences in pathogenesis and virus 

deposition when inoculating animal models via aerosol versus intranasal inoculation (34-

36, 210, 212, 241). Therefore, aerosol inoculation of in vitro cell culture can be valuable 

in studying molecular markers that influence the transmission efficiency of FLUAV and 

virus-cell interactions resembling natural infection in the human respiratory tract. In 

chapter 3, I developed a simple in vitro model system to infect multiple different cell 

types via aerosol inoculation. I determined the relative aerosol infectious dose 50 for 
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three FLUAV subtypes, including a pandemic H1N1, seasonal swine H3N2, and avian 

H9N2. Utilizing the in vitro aerosol exposure design, I show that all three viruses could 

infect a commonly used cell line, Madin-Darby canine kidney (MDCK) cells, and a 

recently developed immortalized differentiated human airway epithelial cell line (BCi-

NS1.1) (226). Among the different viruses, I observed higher aerosol infection efficiency 

in the pH1N1 strain compared to the seasonal swine H3N2 and avian H9N2 in MDCK 

cells and differentiated human cells. The results from this study demonstrated differences 

among three FLUAVs in two cell lines, suggesting that understanding aerosol infectivity 

in vitro in conjunction with in vivo studies can be used for pandemic risk assessment of 

influenza viruses and the importance of molecular markers involved in transmission 

efficiency.  

Human FLUAV infections exhibit a broad range of clinical disease severity 

ranging from asymptomatic infection to death (9). Multiple risk factors for severe disease 

contribute to enhanced disease pathogenesis. Regarding FLUAV, children, the elderly, 

pregnant women, and individuals with immunosuppression or chronic medical conditions 

are at higher risk of developing more severe disease (9). The complex relationship 

between host and viral factors influences the pathogenesis severity, notably the host 

immune response. In recent years, the respiratory and intestinal microbiota has been 

shown to directly impact host cells or indirectly impact the immune system during viral 

infections (45, 46). However, various biological and environmental factors such as sex, 

age, diet, and disease status can affect the diversity and abundance of bacteria associated 

with good health leading to dysbiosis (48, 51, 52). In chapter 4, I explored the effect of 

antibiotic growth promoter (AGP) administration post avian influenza virus (AIV) H9N2 
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infection on growth performance, virus shedding, and the respiratory and intestinal 

microbiome composition. Previous reports showed that numerous AGPs alter the 

composition and diversity of the microbiota in different parts of the avian intestinal tract 

and are associated with protection against enteric pathogens (211, 253-260). Although 

AGP-induced changes in the intestinal microbiome have been previously associated with 

growth and protection against enteric pathogens, it is currently unknown if these changes 

could affect the susceptibility to a respiratory pathogen, such as AIV. Results from this 

study suggest that AIV infection does not lead to weight reduction when BMD is 

administered as an AGP. When analyzing virus shedding, similar OP shedding was 

observed for broilers fed a standard diet and those supplemented with BMD; however, 

OP infectious virus shedding was prolonged compared to those fed a standard diet. 

Further, one chicken fed a supplemented BMD diet shed virus via the cloaca compared to 

those fed a standard diet. Concurrently, changes, specifically a decrease of “beneficial” 

bacteria, within the oropharyngeal, cloacal, and fecal microbiota were observed notably 

during AIV infection. Investigating the relationship between AGP-induced microbiota 

changes and AIV infection will further increase our comprehension of the microbiota's 

impact on AIV infection in poultry and the effect of AGP administration on the 

physiology of broiler chickens during respiratory virus infection.  

 While FLUAV requires annual changes to the vaccine to protect against current 

circulating strains, the severe acute respiratory syndrome coronavirus 2 (SARS2) is 

responsible for the recent coronavirus disease 2019 (COVID-19) pandemic. Similar to 

FLUAV, clinical manifestations of infection are highly variable, and several risk factors 

for severe disease have been identified (9). In particular, the COVID-19 pandemic 
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notably affected the geriatric population, who are at greater risk of developing acute 

respiratory distress infection leading to prolonged hospitalization and death (9). However, 

the mechanism of age-related pathogenicity is not fully understood. Here, I utilized an 

aged Syrian hamster model resembling ~60-year-old humans to analyze the 

pathobiology, host response, and effects of SARS2 on the respiratory and intestinal 

microbiome. I identified specific microbial markers observed in severe COVID-19 

patients within the lungs of aged hamsters infected with SARS-CoV-2. Prior influenza A 

virus (H1N1) exposure amplified these changes. Similarities among aged GSH and 

critically ill COVID-19 patients suggest that GSHs are a valuable model for investigating 

microbial changes during SARS2 infection. The relationship between age, residential 

microbiome, and viral pathogens contribute to a better understanding of the complexities 

associated with the host responses during viral infection while limiting potential 

environmental factors that may contribute to inter-individual variation.  

Taking into account the studies and results observed within these studies, the future 

directions of the work should aim at the following: 

1. Regarding the aerosol exposure chamber (Chapter 3), my thesis analyzed aerosol 

infection efficiency in vitro. It would be beneficial to pair the in vitro results with 

experiments in vivo utilizing animal models such as mice, guinea pigs, and ferrets.  

2. To further expand this aerosol exposure system (Chapter 3), the system can be 

utilized to analyze molecular markers associated with the modulation of aerosol 

transmission efficiency, assessing the evolution-driven selection of variants 

involved in aerosol transmission and analyzing the difference of FLUAV 

recombination through direct inoculation or via aerosol inoculation. Additional 
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testing of FLUAV strains of various subtypes and influenza B virus (FLUBV) can 

also contribute to the greater understanding of dissecting mechanisms underlying 

aerosol transmission difference among FLUAV subtypes and FLUBV.   

3. Concerning analyzing the effect of AGPs on AIV infection (Chapter 4), it would 

be interesting to analyze different antibiotic growth promoters, such as 

virginiamycin, which has been previously demonstrated to have a different effect 

on the microbiome compared to BMD. This may provide knowledge of various 

microbiome changes before infection influences AIV shedding.  

4. In addition to analyzing different antibiotic growth promoters (Chapter 4), future 

studies are needed to understand if AGP supplementation and its effect on the 

microbiome alters the host immune response during respiratory virus infection. 

Numerous studies showed that the immune response is closely connected to the 

host microbiota, in which both components play an essential role during early 

viral infection and the host microbiota; however, I did not evaluate the immune 

response when analyzing the BMD effect on AIV infection. 

5. Regarding the analysis of FLUAV pre-exposure and SARS-CoV-2 infection on 

the respiratory and intestinal microbiome, I did not detect antibodies post-FLUAV 

H1N1 inoculation; however, infectious virus titers of FLUAV were not analyzed 

before SARS-CoV-2 infection. Therefore, it would be beneficial to understand the 

microbiome changes during SARS-CoV-2 after confirmed infectious FLUAV 

virus infection or during the co-infection of both viruses. 

6. Furthermore, studies analyzing the direct effect of the microbiota on SARS-CoV-

2 by depleting the intestinal microbiome before infection could provide greater 
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insight into the direct impact of the microbiome immune modulation during 

SARS-CoV-2 infection. 
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APPENDIX  

LIST OF REAGENTS/SUPPLIES 

 

The following table contains a comprehensive list of reagents and supplies used to 

perform the different laboratory assays of this research.  

Table A.1.  List of reagents/supplies used for this research work 

Reagent/supply Brand Catalog Procedure 

Mass Dosing Chamber 

(Large) DSI 601-2036-001 Aerosol Exposure 

Buxco Mass Dosing 

Controller DSI --- Aerosol Exposure 

Aeroneb Lab Control Module Kent Scientific NEB-7000 Aerosol Exposure 

HEPA-CAP 75, inlet 3/8 to 

1/2" stepped barb, outlet 3/8 

to 1/2" stepped barb VWR 28137-886 Aerosol Exposure 

Labconco™ Liquid Traps 

Fisher 

Scientific 16-317-33 Aerosol Exposure 

BioLite+ High-volume 

Sample Pump SKC 228-9615 Aerosol Exposure 

PTFE Filters for SARS, 0.3 

µm, 37 mm SKC 225-1722 Aerosol Exposure 

6 well Tissue culture plates VWR 82050-842 Cell Culture 

Falcon® Filter Cap Cell 

Culture Flasks, T25 Flask VWR 82051-074 Cell Culture 

CellStar Filter Cap Cell 

Culture Flasks, T75 Flask VWR 

82050-856 

(CS) Cell Culture 

Dulbecco's Modified Eagle's 

Medium (DMEM) Sigma-Aldrich 

D6429-

6X500ML Cell Culture 

Gibco Opti-MEM | Reduced 

Serum Medium 

Fisher 

Scientific 31985088 Cell Culture 

Gibco™ PBS, pH 7.4 ThermoFisher 10010049 Cell Culture 

Antibiotic/antimycotic 

solution, Corning VWR 45000-616 Cell Culture 

L-Glutamine Sigma-Aldrich 

G7513-

100ML Cell Culture 

Fetal Bovine Serum Sigma-Aldrich 

F4135-

6X500ML Cell Culture 
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PneumaCult™-Ex Plus 

Medium StemCell 5040 HAE cells 

PneumaCult™-ALI Medium StemCell 5001 HAE cells 

Heparin Solution StemCell 7980 HAE cells 

Hydrocortisone Stock 

Solution StemCell 7925 HAE cells 

Gibco Penicillin-

Streptomycin 

Fisher 

Scientific 15-070-063 HAE cells 

Gibco™ Amphotericin B  

Fisher 

Scientific 15-290-018 HAE cells 

Gentamicin solution (10mL)  

Millipore 

Sigma G1397-10ML HAE cells 

HEPES Buffered Saline 

Solution, 500 mL Lonza CC-5024 HAE cells 

Trypsin-EDTA Sigma-Aldrich 

T3924-

500ML HAE cells 

Collagen from human 

placenta Sigma-Aldrich C7521-50MG HAE cells 

Acetic Acid --- --- HAE cells 

Water, HyClone™ HyPure, 

Cell Culture Grade VWR 16750-114 HAE cells 

Corning® Transwell® 

polyester membrane cell 

culture inserts 

Millipore 

Sigma 

CLS3460-

48EA HAE cells 

0.22um filter unit with pores VWR 97066-214 HAE cells 

9-day-old SPF eggs --- --- Viral stocks 

96 well Tissue culture plate VWR 82050-771 Virus Titration 

Trypsin, TPCK Treated 

(500mg) 

Worthington 

Biochemical 

Corporation LS003741 Virus Titration 

96 well V-bottom plates VWR 29442-402 Virus Titration 

Isopropanol (molecular grade) Sigma-Aldrich 9516-500mL RNA extraction 

MagMAX AI/ND Viral RNA 

extraction Kit ThermoFisher AM1835 RNA extraction 

M+25 primer (STD 

purification) IDT --- RT-qPCR 

M-124 primer (STD 

purification) IDT --- RT-qPCR 

M-124_Ca/04_CJC primer 

(STD purification) IDT --- RT-qPCR 

M-124_Ty/04_CJC primer 

(STD purification) IDT --- RT-qPCR 

M+64 FAM labeled probe 

(HPLC purification) IDT --- RT-qPCR 
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2019-nCov_N2-F primer 

(STD purification) IDT --- RT-qPCR 

2019-nCov_N2-R (STD 

purification) IDT --- RT-qPCR 

FAM labeled probe (HPLC 

purification) IDT --- RT-qPCR 

Quantabio qScript XLT One-

Step RT-qPCR ToughMix kit VWR 89236-668 RT-qPCR 

Paraformaldehyde, 4% in PBS 

250ml ThermoFisher C872C77 
Immunofluorescence 

of HAE cells 

Formalin solution, neutral 

buffered, 10% Sigma-Aldrich HT501128-4L  
Immunofluorescence 

of HAE cells 

Fisherbrand Histoplast PE 

Paraffin 

Fisher 

Scientific 22900700 
Immunofluorescence 

of HAE cells 

Harris Hematoxylin Anatech LTD 842 
Immunofluorescence 

of HAE cells 

Eosin-Y, Alcoholic Anatech LTD 832 
Immunofluorescence 

of HAE cells 

Xylenes 

Fisher 

Scientific X5-20 
Immunofluorescence 

of HAE cells 

Sodium citrate tribasic 

dihydrate Sigma-Aldrich S4641-500G 
Immunofluorescence 

of HAE cells 

Triton X-100 Detergent Sigma-Aldrich 

9002-93-1 

(500ml) 
Immunofluorescence 

of HAE cells 

Bovine Serum Albumin Sigma-Aldrich A2153-100G 
Immunofluorescence 

of HAE cells 

Anti-KRT5 antibody 

produced in rabbit 

Millipore 

Sigma 

HPA059479-

25UL 
Immunofluorescence 

of HAE cells 

Monoclonal Anti-Acetylated 

Tubulin antibody, 100 uL  

Thomas 

Scientific T7451-100UL 
Immunofluorescence 

of HAE cells 

Club Cell Protein (CC16) 

Human, Rabbit Polyclonal 

Antibody BioVendor  

RD18102222

0-01 
Immunofluorescence 

of HAE cells 

MUC5AC Monoclonal 

Antibody ThermoFisher MA5-12178 
Immunofluorescence 

of HAE cells 

Anti-TFF3 antibody produced 

in rabbit 

Millipore 

Sigma 

HPA035464-

25UL 
Immunofluorescence 

of HAE cells 

Anti-Hemagglutinin Rabbit 

Monoclonal Antibody [clone: 

10] VWR 103644-176 
Immunofluorescence 

of HAE cells 

anti-hemagglutinin H9 

antibody  --- --- 
Immunofluorescence 

of HAE cells 

Donkey anti-Rabbit IgG 

(H+L) Highly Cross-

Adsorbed Secondary 

Antibody, Alexa Fluor 488 ThermoFisher A-21206 
Immunofluorescence 

of HAE cells 
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Goat anti-Mouse IgG (H+L) 

Highly Cross-Adsorbed 

Secondary Antibody, Alexa 

Fluor 594 ThermoFisher A-11032 
Immunofluorescence 

of HAE cells 

Plain Microscope slides 

Fisher 

Scientific 12-550-A3 
Immunofluorescence 

of HAE cells 

Corning Square and 

Rectangular Cover Glasses 

Fisher 

Scientific 12-553-450 
Immunofluorescence 

of HAE cells 

VECTASHIELD® PLUS 

Antifade Mounting Medium 

(10ml) 

Vector 

Laboratories H-1900-10 
Immunofluorescence 

of HAE cells 

ActinGreen™ 488 

ReadyProbes™ Reagent 

(AlexaFluor™ 488 

phalloidin) ThermoFisher R37110 
Immunofluorescence 

of HAE cells 

Maackia Amurensis Lectin II 

(MAL II), Biotinylated 

Vector 

Laboratories B-1265-1 
Immunofluorescence 

of HAE cells 

Sambucus Nigra Lectin 

Vector 

Laboratories F13012 
Immunofluorescence 

of HAE cells 

Streptavidin, Alexa Fluor™ 

594 Conjugate ThermoFisher S32356 
Immunofluorescence 

of HAE cells 

Bacitracin Methylene 

Disalicylate  

Animal Health 

International 13737945 

Antibiotic Growth 

Promoter 

IDEXX AI MultiS-Screen Ab 

Test IDEXX 99-12119  ELISA 

Syringes (1mL) ThermoFisher 14-826-88 Viral isolation 

Puritan® Swab, Rayon 

Tipped Swabs, Polystyrene 

Handle VWR 10808-146  OP and CL Swabs 

Brain Heart Infusion Broth Sigma-Aldrich 53286-500G OP and CL Swabs 

DNeasy PowerSoil HTP 96 

Kit Qiagen 12955-4 DNA Extractions 

TissueLyser II  Qiagen 85300 

Tissue 

homogenates 

Tungsten Carbide Beads, 3 

mm (200) Qiagen 69997 

Tissue 

homogenates 

Phusion Hot Start II DNA 

Polymerase (2 U/µL) ThermoFisher F549L Sequencing 

dNTP Mix (10 mM each) ThermoFisher R0192 Sequencing 

NEBNext High-fidelity 2X 

master mix for 250 rxns 

Fisher 

Scientific M0541L Sequencing 

515F primer (STD 

purification) IDT --- Sequencing 

806R primer (STD 

purification) IDT --- Sequencing 
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SYBR Safe ThermoFisher S33102 Sequencing 

GeneRuler 1kb Plus ladder ThermoFisher SM0311 Sequencing 

TBE Buffer 10X (molecular 

biology grade) Calbiochem 

US1574795-

1L Sequencing 

Agarose (analytical grade) Promega V3125 Sequencing 

Buffer EB (elution buffer) Qiagen 19086 Sequencing 

Magnetic stand for tubes  ThermoFisher 12321D Sequencing 

Bioanalyzer high sensitivity 

DNA Analysis Agilent 5067-4626 Sequencing 

Sodium hydroxide solution  Sigma-Aldrich 72068-100ML Sequencing 

Agencourt AMPure XP beads Agencourt A63880  Sequencing 

EDTA Sigma-Aldrich E6635-500G Sequencing 

MiSeq Reagent Kit v2 (500-

cycles) Illumina MS-102-2003 Sequencing 

MiSeq Reagent Nano Kit v2 

(500-cycles) Illumina MS-103-1003 Sequencing 

Qubit dsDNA HS assay Kit ThermoFisher Q32854 Sequencing 

Qubi assay tubes ThermoFisher Q32856 Sequencing 

Trizma hydrochloride Sigma-Aldrich T1535 Sequencing 

Tween 20 J. T. Baker X251-07 Sequencing 

Gloves MidSci 78886 General 

Ethanol (for 70% ethanol 

solution) ThermoFisher 22032601 General 

Distilled water --- --- General 

Bleach --- --- General 

Cryogenic vial storage boxes ThermoFisher 07-200-615 General 

10uL filter tips USA Scientific 1180-3810 General 

200 uL filter tips USA Scientific 1180-8810 General 

1000 uL filter tips USA Scientific 1182-1830 General 

20 uL filter tips USA Scientific 1183-1810 General 

100 uL filter tips USA Scientific 1183-1840 General 

0.2mL strip tubes USA Scientific 1402-4708 General 

Microcentrifuge tubes (2mL) USA Scientific 1420-2799 General 

Microcentrifuge tubes 

(1.5mL) USA Scientific 1615-5599 General 

Screw cap tubes (1.5mL) Genesee 21-256 General 

15mL conical tubes 

Fisher 

Scientific 0553859B General 

50ml conical tubes 

Thomas 

Scientific 1159M36 General 
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Biohazard Autoclave bags 

(mini) Genesee 30-162R General 

Bleach Grainger 41H893 General 

Storage boxes and dividers VWR 82007-154 General 

5mL serological pipettes VWR 82050-478 General 

10mL serological pipettes VWR 82050-482 General 

25 ml serological pipettes VWR 82051-182 General 

50 ml serological pipettes VWR 82051-212 General 

Large label for laser printers USA Scientific 9187-2016 General 

RNaseZAP Sigma-Aldrich 

R2020-

250ML General 

Water (molecular biology 

grade) VWR 82007-332 General 

 


